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An  aim  of  the  book  is  to  provide  a  bridge  between  the  mathematical/ theoretical  and  phys¬ 
ical/  practical  significance  to  the  topic.  Some  of  the  fundamental  background  relevant  to  the 
main  topics  of  the  book  is  presented  in  the  early  chapters  so  that  the  necessary  material  is 
readily  available  to  the  reader  in  the  one  book. 

•  Because  the  emphasis  is  on  controllers  for  generators,  for  FACTS  and  other  devices, 
the  pertinent  topics  in  classical  control  and  eigenanalysis  techniques  are  provided  in 
Chapters  2  and  3. 

•  The  authors  have  covered  in  Chapter  4  a  wide  range  of  small-signal  generator  models, 
equations,  and  associated  material.  Third-  to  eighth-order  generator  models  in  their 
coupled-circuit  and  operational  parameter  versions  are  described.  The  following  fea¬ 
tures  are  also  included  in  the  generator  models:  (i)  the  'classical'  and  'exact'  definitions 
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of  the  operational  parameters;  (ii)  the  various  approaches  to  the  modelling  of  satura¬ 
tion;  (iii)  the  formulation  of  the  differential-algebraic  generator  equations  to  exploit 
sparsity.  These  models  and  features  are  employed  in  the  Mudpack  software  package. 
Small-signal  equations  and  models  of  FACTS  devices  employed  in  the  software  are 
also  described.  Devices  covered  include  SVCs,  STATCOMS,  Thyristor  Controlled 
Series  Compensators,  HVDC  links  with  Voltage  Source  Converters  or  with  line-com¬ 
mutated  converters. 

In  Chapters  5,  9  and  10  there  is  an  emphasis  on  practical  robust  techniques,  based  on 
the  P-Vr  method,  for  the  design  of  robust  stabilizers  for  generators  in  multi-machine 
systems. 

Two  other  techniques  for  the  tuning  of  stabilizers,  the  GEP  and  the  Method  of  Resi¬ 
dues,  are  examined  in  Chapter  6.  The  benefits  and  limitations  of  the  two  as  well  as 
those  of  the  P-Vr  method  are  reviewed. 

An  introduction  to  the  tuning  of  Automatic  Voltage  Regulators  is  provided  in  Chapter 
7.  The  authors  have  attempted  to  outline  in  some  detail  potential  design  approaches 
for  (i)  TGR  (transient  gain  reduction),  (ii)  PI  and  various  types  of  PID  control;  (iii) 
brushless,  static  and  conventional  excitation  systems. 

A  detailed  analysis  of  the  'Integral  of  accelerating  power'  stabilizer  for  generators,  not 
previously  published,  is  provided  in  Chapter  8,  together  with  other  practical  PSS 
structures. 

In  Chapter  1 1  the  tuning  of  stabilizers  for  various  FACTS  devices  in  a  large  power  sys¬ 
tem  for  operation  over  a  range  of  conditions  is  described  and  illustrated,  together  with 
the  merits  and  limitations  of  the  design. 

The  concept,  theory,  and  calculation  of  Modal  Induced  Torque  Coefficients  are  out¬ 
lined  in  Chapter  12,.  This  is  a  new  method  of  analysis,  developed  by  one  of  the 
authors  and  forms  the  basis  for  Chapter  13.  The  synchronizing  and  damping  torques 
induced  on  generator  shafts  at  the  modal  frequencies  by  both  PSSs  and  FACTS  device 
stabilizers  are  derived. 

The  interactions  between,  and  effectiveness  of,  PSSs  and  FACTS  device  stabilizers  in  a 
multi-machine  power  system  are  analysed  in  Chapter  13.  A  new  and  potentially  valua¬ 
ble  tool,  which  is  based  on  the  Stabilizer  Damping  Contribution  Diagrams  (SDCD) 
and  developed  by  the  authors,  enables  the  engineer  to  assess  the  effectiveness  of  stabi¬ 
lizers  installed  on  generators  or  FACTS  devices  in  enhancing  the  damping  and  stability 
of  the  power  system. 

In  Chapter  14  the  coordination  of  PSSs  with  PSSs,  or  PSSs  with  FACTS  device  stabi¬ 
lizers  is  achieved  by  either  heuristic  or  an  optimization  techniques.  In  either  case  it  is 
based  on  the  newly  developed  tool,  the  SDCD,  of  Chapter  13. 
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Introduction 


1.1  Why  analyse  the  small-signal  dynamic  performance  of  power  sys¬ 
tems? 

We  shall  be  concerned  mainly  with  the  analysis  of  the  dynamic  performance  and  control  of 
large,  interconnected  electric  power  systems  in  the  following  chapters.  The  differential-alge¬ 
braic  equations  which  describe  the  behaviour  of  a  power  system  are  inherendy  non-linear. 
Among  the  non-linearities  are  functional  types  (e.g.  sin 8),  product  types  (e.g.  voltage  x 
current),  limits  on  controller  action,  saturation  in  magnetic  circuits,  etc.  The  general  method 
of  assessing  the  performance  of  the  system,  with  all  its  non-linearities,  is  through  a  time-do- 
main  simulation  which  reveals  the  response  of  the  system  to  a  specific  disturbance,  e.g.  a 
fault,  the  loss  of  a  generating  unit,  line  switching.  Typically,  it  may  be  necessary  to  conduct 
many  such  studies  with  disturbances  applied  in  various  locations  in  the  system  to  ascertain 
its  stability  and  dynamic  characteristics.  Even  with  many  such  studies,  many  of  the  charac¬ 
teristics  of  the  dynamic  behaviour  may  be  missed  and  insights  into  system  performance  lost. 
In  small-signal  analysis  of  dynamic  performance  of  multi-machine  systems  the  stability  and 
characteristics  of  the  system  are  readily  derived  from  eigenanalysis  and  other  tools.  Further¬ 
more,  in  such  linear  analysis  the  design  of  controllers  and  their  integration  into  the  dynamics 
of  plant  are  facilitated. 

Modern  linear  control  system  theory  contains  many  powerful  techniques,  not  only  for  de¬ 
termining  the  stability  and  dynamic  characteristics  of  large  linear  systems,  but  also  for  tuning 
controllers  that  satisfy  steady-state  and  dynamic  performance  specifications.  Fortunately 
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and  importandy,  Henri  Poincare  [1]  showed  that  if  the  linearized  form  of  the  non-linear  sys¬ 
tem  is  stable,  so  is  the  non-linear  system  stable  at  the  steady-state  operating  condition  at 
which  the  system  is  linearized.  Moreover,  the  dynamic  characteristics  of  the  system  at  the 
selected  operating  condition  can  be  established  from  linear  control  system  theory  and,  as 
long  as  the  perturbations  are  small,  the  time-domain  responses  can  be  calculated.  With  such 
information  the  design  of  linear  controllers  may  be  undertaken  and  the  resulting  controls 
embedded  in  the  non-linear  system.  In  practice,  if  the  modelling  of  the  devices  is  adequate, 
small-signal  tests  involving  generator  controls,  for  example,  have  revealed  close  agreement 
between  simulation  and  test  results.  Continuously-acting  controllers  of  interest  for  synchro¬ 
nous  generating  units  are  Automatic  Voltage  Regulators  (AVRs),  Power  System  Stabilizers 
(PSSs)  and  speed  governors.  In  a  later  chapter  an  analysis  of  the  controls  and  stabilizers  for 
FACTS-based  devices  is  conducted;  such  stabilizers  are  commonly  called  a  Power  Oscilla¬ 
tions  Dampers  (PODs).  Many  of  the  techniques  and  control  concepts  are  also  applicable  to 
the  small-signal  analysis  of  dynamic  performance  of  wind  turbine-generators  and  other  tech¬ 
nologies. 

1.2  The  purpose  and  features  of  the  book 

The  main  purpose  of  this  book  is  to  introduce  the  graduate  engineer  to  the  concepts  and 
applications  of  small-signal  analysis  and  controller  design  for  the  enhancement  of  the  dy¬ 
namic  performance  of  multi-machine  power  systems.  To  this  end,  the  analyses  of  the  con¬ 
trol  and  dynamic  performance  are  illustrated  by  examples  based  on  an  interconnected  high- 
voltage  system  comprising  fourteen  generating  stations  and  various  types  of  FACTS  devic¬ 
es.  An  emphasis  in  the  book  is  on  more  recent  theoretical  developments  and  application  to 
practical  issues  which  are  amenable  to  small-signal  analysis  using  a  comprehensive  software 
package.  In  addition,  the  tools  in  -  and  features  of  -  such  a  software  package  for  analysis  and 
controller  design  are  illustrated. 

The  aim  and  features  of  the  book  are  illustrated  in  the  following  summary. 

1 .  In  the  following  chapters  it  is  assumed  that  the  reader  has  already  been  introduced  to 
the  basics  of:  (i)  the  steady-state  and  dynamic  performance  of  power  systems  [2],  [3], 
[4],  [5],  [6],  [7],  [8]  and  (ii)  control  system  theory  [9],  [10].  However,  because  control¬ 
ler  design  and  tuning  are  described  in  later  chapters  of  this  book,  Chapters  2  and  3 
are  devoted  particularly  to  those  aspects  of  basic  control  theory  and  the  associated 
analysis  and  design  techniques  which  are  employed  in  later.  Practical  insights  and  lim¬ 
itations  in  control  theory  and  analysis  are  emphasized  in  order  to  isolate  that  material 
which  is  important  for  application  in  later  chapters. 

2.  For  the  practical  design  of  robust  power  system  stabilizers  (PSSs),  a  tuning  approach 
based  on  the  generator  P-Vr  characteristics,  which  are  a  development  of  the  GEP 
Method  for  single  generator  applications,  is  applied  to  multi-machine  systems  [11], 
[12],  The  uses  of  the  P-Vr  characteristics  are  (a)  analysed  in  detail  in  Chapter  5  for  a 
single  generator  power  system  in  order  to  explain  the  features  of  the  P-Vr  Method 
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and  its  limitations;  (b)  applied  in  Chapters  9  and  10  to  the  multi-machine  system 
over  a  range  of  operating  conditions. 

3.  It  is  shown  in  Chapters  5  and  10  that  the  rationale  in  the  tuning  of  PSSs  based  on 
the  P-Vr  method  is  that: 

(i)  there  are  two  important  components  in  the  PSS  transfer  function  kG(s )  which  are 
essentially  decoupled  for  practical  purposes  : 

(a)  the  rotor  modes  are  more-or-less  directly  left-shifted  by  the  PSS 
compensating  transfer  function  G(s)  with  increase  in  the  PSS  damp¬ 
ing  gain,  k 1 2  3; 

(b)  the  extent  of  the  left-shift  of  the  rotor  modes  is  determined  by  the 
damping  gain,  &; 

(c)  the  incremental  left-shifts  of  the  rotor  modes  are  linearly  related  to 
increments  in  damping  gain  for  changes  about  the  nominal  values  (typ¬ 
ically  ±5  to  ±10  pu  on  generator  MVA  rating)  [11]; 

(ii)  the  tuning  of  the  PSS  is  based  on  a  more  extreme  set  of  encompassing  operat¬ 
ing  conditions; 

(iii)  the  PSS  damping  gain  has  special  significance:  it  is  also  the  damping  torque 
coefficient  induced  by  the  PSS  on  the  shaft  of  the  generator.  It  forms  the  basis  for 
the  theoretical  developments  in  Chapters  5, 10,  12  to  14. 

(iv)  the  PSS  damping  gain  can  be  adjusted  to  ‘swamp  out’  any  inherent  negative 
damping  torques; 

(v)  as  a  result  of  (i),  (ii)  and  (iv)  above,  the  PSS  transfer  function  kG(s )  is  robust 
over  the  encompassing  range  of  normal  and  outage  operating  conditions  [12]; 

(vi)  the  PSS  damping  gain,  when  expressed  in  per  unit  on  generator  MVA  rating, 
is  a  meaningful  quantity,  unlike  the  term  “PSS  gain”  currently  used.  PSS 
damping  gains  less  than  1 0  pu  are  low,  are  normal  between  1 0  and  30  pu,  and 
greater  than  30  pu  tend  to  be  high. 

As  opposed  to  the  application  of  advanced  control  techniques,  the  signifi¬ 
cance  of  the  above  rationale  is  that  the  natural  characteristics  of  the  generator 
and  the  system  are  employed  and  thus  meaningful  insight  and  explanations 
for  the  dynamic  behaviour  of  the  system  can  be  established. 


1.  The  features  described  in  items  (i)(a)  and  (i)(b)  are  illustrated  for  six  operating  conditions 
in  Figure  10.26 

2.  By  ‘direct  left-shift’  is  implied  that  the  mode  shift  is  —  a  +  /0  ,  a  >  0  .  As  explained  in 
Chapter  13,  deviations  from  the  ‘direct  left-shift’  of  modes  are  mainly  due  to  interactions 
between  multi-machine  PSSs  and  non-real  generator  participation  factors. 

3.  The  ‘damping’  gain  of  the  PSS  is  defined  in  Section  5.4. 
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4.  Methods  other  than  the  P-Vr  method  for  the  design  of  PSSs,  namely  the  commonly- 
used  Method  of  Residues  [13]  and  the  GEP  Method  [14],  are  described  in  Chapter  6. 
By  means  of  an  example  the  merits,  deficiencies  and  limitations  of  the  latter  Meth¬ 
ods  and  the  P-Vr  approach  are  examined  [15].  (See  item  4  in  Section  6.7.) 

5.  Various  concepts  and  methods  for  the  tuning  of  automatic  voltage  regulators 
(AVRs)  are  introduced  and  examined  in  Chapter  7.  Some  simplifications  in  the 
approaches  to  the  commonly-used  techniques  are  suggested. 

6.  A  more  fundamental  and  detailed  examination  is  undertaken  -  than  previously  con¬ 
ducted  -  to  explain,  and  understand  more  fully,  not  only  the  performance  of  certain 
devices  but  also  the  theory  behind  certain  tools.  Examples  are:  (a)  the  performance 
of  the  ‘Integral  of  accelerating  power  PSS’  in  Chapter  8;  (b)  the  characteristics  of  two 
tools,  Mode  Shapes  and  Participation  Factors  in  Chapter  9  (these  are  used  in  the 
analysis  of  the  performance  of  multi-machine  systems). 

7.  The  tuning  of  power  oscillation  dampers  for  FACTS  devices  (PODs,  also  referred  to 
as  FACTS  Device  Stabilizers  (FDSs))  is  described  in  Chapter  1 1 .  Some  of  the  prob¬ 
lems  encountered  in  the  design  are  revealed  in  the  case  of  a  multi-machine  system 
for  a  wide  range  of  operating  conditions  [16],  [17]. 

Due  to  the  short-comings  of  existing  techniques  for  the  tuning  of  FACTS  Device  Sta¬ 
bilizers,  their  robustness  is  more  difficult  to  achieve  compared  the  tuning  of  PSSs  for 
robustness  (see  item  3  above). 

8.  The  concept,  theory,  and  calculation  of  Modal  Induced  Torque  Coefficients 
(MITCs)  are  described  in  Chapter  12.  In  this  chapter  the  synchronizing  and  damping 
torques  induced  on  a  generator  by  both  PSSs  and  FDSs  at  the  modal  frequencies  are 
explained;  this  chapter  provides  the  theoretical  basis  for  Chapter  13  [16],  [17]. 

9.  The  interactions  between,  and  effectiveness  of,  PSSs  and  FDSs  in  a  multi-machine 
power  system  are  analysed  in  Chapter  13.  A  valuable  aid  in  establishing  the  relative 
effectiveness  of  stabilizers  are  the  Stabilizer  Damping  Contribution  Diagrams 
(SDCDs)  [18].  Extending  the  concepts  introduced  in  Chapter  13  the  SDCDs  form  a 
basis  for  the  heuristic  coordination  of  power  system  stabilizers  and  FACTs  device 
stabilizers.  Both  the  latter  approach  as  well  as  an  optimization  approach  based  on 
linear  programming  are  illustrated  in  Chapter  14  and  [20], 

10.  A  comprehensive  set  of  the  various  small-signal  models  of  synchronous  generators 
and  FACTS  devices  are  provided  in  Chapter  4.  These  models  are  intended  to  be 
embedded  in  a  set  of  differential  and  algebraic  equations  (DAEs)  which  are 
employed  to  take  advantage  of  sparsity  in  the  system  equations  [21],  [22], 

11.  The  practical  theme  throughout  this  book  is  based  on  consulting  projects  for  indus¬ 
try  and  queries  raised  by  industry  on  practical  problems  that  they  have  encountered. 
Many  of  the  queries  relate  to  some  lack  of  understanding  of  the  theoretical  or  practi¬ 
cal  backgrounds  to  the  issues  raised. 
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An  aim  of  the  design  of  controllers  is  to  enhance  the  damping  of  the  rotor  modes  of  oscil¬ 
lation,  either  to  stabilize  unstable  oscillations  or  to  ensure  that  the  damping  criteria  for  the 
power  system  are  satisfied.  Therefore  the  concepts  of  synchronizing  and  damping  torques 
[23]  -  which  operate  on  the  shafts  of  generating  units  -  are  introduced  in  Section  1.3,  fol¬ 
lowed  by  the  concepts  and  definitions  of  stability  in  Section  1 .4. 

1.3  Synchronizing  and  damping  torques 

It  is  assumed  that  the  reader  is  generally  familiar  with  the  basic  concepts  of  power  system 
stability,  such  as  the  equal  area  criterion;  these  concepts  are  covered  in  many  texts  [2]  -  [7], 
However,  let  us  consider  a  somewhat  simplistic  scenario  which  may  reveal  not  only  the  na¬ 
ture  of  dynamic  interactions  between  a  generator  rotor  and  a  power  system  following  a  dis¬ 
turbance  but  also  the  actions  that  occur  within  the  rotating  system  of  the  generator  itself. 

Assume  a  synchronous  generator  is  connected  through  its  transformer  by  two  parallel  trans¬ 
mission  lines  to  a  receiving-end  transformer  and  a  large  system.  This  scenario  is  summarized 
in  Figure  1.1(a). 


End  1  End  2 


Infinite 

bus 


Generator  I 

(a) 


(c)  (b) 


Figure  1.1  (a)  Single-machine  infinite-bus  power  system,  (b)  Power-angle  characteristics. 

(c)  Expanded  view  about  §10,  PeQ. 
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The  per  unit  voltage  behind  transient  reactance  of  the  generator  is  E,  and  the  large  system 
is  represented  by  an  infinite  bus,  voltage  V  per  unit.  The  reactance  xx  comprises  the  transient 
and  transformer  reactances  of  the  generating  unit;  x?  represents  the  reactances  of  the  receiv¬ 
ing-end  transformer  plus  the  Thevenin  equivalent  of  the  large  system.  The  effective  reac¬ 
tance  of  the  parallel  lines  is  Xjj  their  series  resistance  and  shunt  capacitance  are  negligible. 
All  reactances  are  in  per-unit  (pu)  on  the  generator  MVA  rating.  The  direction  of  current 
flow  I  is  consistent  with  the  generator  producing  power.  The  system  is  assumed  to  be  loss¬ 
less. 

Because  the  power  flow  is  from  the  generator  to  the  large  system,  the  rotor  of  the  generator 
leads  that  of  the  infinite  bus  by  an  angle  5  (rad).  The  power  output  of  the  generator  is 

Pe  =  r  +  '\r  '  sin5  (Per  umt)'  (U) 

A  j  T  A i  A2 

The  associated  power-angle  curve  is  shown  in  Figure  1.1(b).  The  power  output  of  the  gen¬ 
erator  increases  from  zero  at  zero  rotor  angle  and  reaches  a  maximum  value  of 

Pem  = - — — - —  at  5  =  ti/2  rad.,  or  90°  (pu). 

Let  us  assume  that  (i)  when  two  lines  are  in  service  an  equilibrium  or  steady-state  condition 
exists  in  which  the  power  output  of  the  prime-mover  PmQ  is  equal  to  the  electrical  power 
output  of  the  generator,  PeQ ,  at  synchronous  speed  and  the  rotor  angle  is  50;  (ii)  the  power 
output  of  the  prime-mover  remains  constant  during  a  disturbance  on  the  electrical  system; 
(iii)  at  time  zero,  one  of  the  two  lines  is  opened.  Because  the  effective  reactance  of  the  lines 
is  now  2 ,  it  follows  from  (1 . 1)  that  immediately  after  the  disturbance  the  electric  power 
output  of  the  generator  falls  to  Pt  at  50  on  the  one-line-in  power-angle  characteristic  shown 
in  Figure  1 . 1  (c) .  The  net  torque  acting  on  the  shaft  of  the  generator  will  cause  it  to  accelerate 
with  respect  to  the  system.  The  rotor  angle  of  the  generator,  5 ,  immediately  starts  to  in¬ 
crease  from  50  on  the  latter  characteristic  thereby  increasing  the  electrical  power  flow  from 
the  generator.  Once  the  electrical  power  output  exceeds  the  prime-mover  power  output  Pm0 
at  510  the  generator  decelerates  but,  due  to  the  inertia  of  the  rotor,  the  rotor  angle  continues 
to  increase  until  the  speed  falls  to  synchronous.  At  this  time  the  electric  power  output  and 
the  rotor  angle  are  at  their  peak  values,  Pp  and  8p  .  Flowever,  the  net  decelerating  torque  con¬ 
tinues  acting  on  the  shaft  to  reduce  both  the  electrical  power  flow  and  the  rotor  angle  along 
the  lower  characteristic  until  zero  net  accelerating  torque  once  more  arises  at  510  in 
Figure  1.1(c).  Due  to  inertia,  the  electric  power  output  and  rotor  angle  continue  to  decrease 
and  reach  their  minimum  values  at  Pt  and  50  at  synchronous  speed.  Thereafter  the  process 
repeats  itself  with  the  electric  power  output  and  rotor  angle  oscillating  about  Pihq  §10  be¬ 
tween  peak  and  trough  values  Pp,  8p  and  Pt,  SQ,  respectively. 
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In  the  absence  of  damping,  these  oscillations  will  continue  indefinitely.  Synchronism  in  this 
scenario  is  maintained  by  the  electrical  power  flow,  given  by  (1.1),  between  the  generator 
and  the  system,  resulting  in  a  synchronizing  torque  Pe(t ))  being  produced  on  the  shaft  of  the 
generator.  For  the  oscillations  to  decay  away  a  damping  torque  must  also  be  established  on 
the  rotor  of  the  generator,  typically  by  means  of  a  PSS.  The  inherent  damping  torques  acting 
on  the  shaft  of  the  generator  are  typically  associated  with  eddy  currents  flowing  in  the  rotor 
iron  and/or  the  damper  (amortisseur)  windings  installed  on  the  rotor,  together  with  wind¬ 
age,  friction  and  other  losses. 

Throughout  the  analysis  which  follows  in  the  later  chapters  it  will  be  shown  that  the  pro¬ 
duction  of  sufficient  positive  synchronizing  and  damping  torques  on  the  shaft  of  a  generator 
is  a  continuing  requirement  for  stable  dynamic  performance.  Following  a  disturbance,  the 
perturbation  in  the  electromagnetic  torque  of  a  synchronous  machine,  either  a  generator  or 
a  motor,  can  be  resolved  into  the  two  components  defined  as  follows: 

1 .  synchronizing  torque  component:  a  torque  in  phase  with  rotor  angle  perturbations, 
and 

2.  damping  torque  component:  a  torque  in  phase  with  rotor  speed  perturbations. 

Those  familiar  with  the  equal  area  criterion  will  recognize  that  for  the  scenario  shown  in 
Figure  1 . 1  (b)  the  power  system  is  stable  if  positive  damping  torques  are  present.  What  are 
implied  by  power  system  stability  and  some  associated  concepts  are  reviewed  in  the  follow¬ 
ing  section. 

1.4  Definitions  of  power  system  stability 

“Power  system  stability  is  the  ability  of  an  electric  power  system,  for 
a  given  initial  operating  condition,  to  regain  a  state  of  operating  equilib¬ 
rium  after  being  subjected  to  a  physical  disturbance,  with  most  system 
variables  bounded  so  that  practically  the  entire  system  remains  intact.” 

[24]. 

This  definition  is  intended  to  apply  to  an  interconnected  system  in  its  entirety,  however,  it 
also  includes  the  instability  and  timely  disconnection  of  an  element  such  as  a  generator  with¬ 
out  the  system  itself  becoming  unstable. 

There  are  three  main  categories  of  power  system  stability:  rotor-angle  stability,  voltage  sta¬ 
bility  and  frequency  stability.  Ensuring  stability  in  all  its  categories  is  the  primary  focus  of 
the  design  of  power  system  controllers.  Such  controllers  are  designed  to  ensure,  through  the 
specifications  on  the  dynamic  performance  of  the  system,  that  adequate  margins  of  stable 
operation  are  attained  over  a  range  of  normal  operating  conditions  and  contingencies. 
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In  the  following  chapters  we  are  concerned  with  rotor-angle  stability  which  is  defined  as  fol¬ 
lows  [24]: 


“Rotor  angle  stability  refers  to  the  ability  of  synchronous  machines  of 
an  interconnected  power  system  to  remain  in  synchronism  after  being 
subjected  to  a  disturbance.  It  depends  on  the  ability  to  maintain/ restore 
equilibrium  between  electromagnetic  torque  and  mechanical  torque  of 
each  synchronous  machine  in  the  system.  Instability  that  may  result  oc¬ 
curs  in  the  form  of  increasing  angular  swings  of  some  generators  leading 
to  their  loss  of  synchronism  with  other  generators.” 

Rotor-angle  stability,  and  oscillations  of  the  rotors  of  synchronous  generators,  are  essentially 
governed  by  the  equations  of  motion  of  the  unit;  the  relevant  versions  of  the  equations  are 
derived  in  Chapter  4.  In  terms  of  the  per  unit  rotor  speed  ro ,  synchronous  speed  tt>0  and 

the  per  unit  prime-mover  torque  and  the  torque  of  electromagnetic  origin,  T m  and  T '  ,  the 
equations  of  motion  are  given  by  (4.58)  and  (4.59)  which  are  repeated  below: 

p8  =  a>6(tt>-K>0)  and 

P(°  =  27/(7’™“rg“'D((B“(Bo))- 

.H  is  the  inertia  constant  (MWs/MVA)  of  the  generating  unit  and  D  (pu  torque/pu  speed) 
is  the  damping  torque  coefficient.  From  the  above  equation  it  is  apparent  that  a  steady-state 
condition  exists  when  the  torques  are  in  balance  and  thus  there  is  no  change  in  rotor  angle 
or  in  speed  about  synchronous  speed.  However,  a  disturbance  on  an  element  of  the  electrical 
system  will  result  in  an  imbalance  in  the  torques  and  cause  the  rotor  to  accelerate  or  decel¬ 
erate,  in  turn  causing  the  rotor  angle  to  increase  or  decrease.  The  shaft  equation  is  linear  so 
it  is  applicable  to  large  and  small  disturbances.  For  large  disturbances  the  term  ‘transient  sta¬ 
bility’  is  defined  as  follows  [24] : 

Large-disturbance  rotor  angle  stability  or  transient  stability,  as  it 

is  commonly  referred  to,  is  concerned  with  the  ability  of  the  power  sys¬ 
tem  to  maintain  synchronism  when  subjected  to  a  severe  disturbance, 
such  as  a  short  circuit  on  a  transmission  line. 

On  the  other  hand,  rotor- angle  stability  for  small  disturbances  is  defined  as  [24]: 

Small-disturbance  (or  small-signal)  rotor-angle  stability  is  con¬ 
cerned  with  the  ability  of  the  power  system  to  maintain  synchronism 
under  small  disturbances.  The  disturbances  are  considered  to  be  suffi¬ 
ciently  small  that  linearization  of  system  equations  is  permissible  for 
purposes  of  analysis. 
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Associated  with  transient  stability  are  severe  events  or  disturbances  such  as  system  faults, 
the  opening  of  a  faulted  line  -  or  a  heavily  loaded  circuit,  the  tripping  of  a  large  generator, 
the  loss  of  a  large  load.  As  indicated  in  Section  1.1,  for  transient  stability  analysis  the  dynamic 
behaviour  of  certain  devices  are  modelled  by  their  non-linear  differential  and  algebraic  equa¬ 
tions.  The  presence  of  the  various  types  of  non-linearities  in  the  equations  results  in  tran¬ 
sient  stability  analysis,  in  practice,  being  conducted  by  simulation  studies  in  the  time  domain. 
The  basis  of  such  analyses  is  a  power  flow  study,  an  equilibrium  or  steady-state  operating 
condition  to  which  the  relevant  disturbance  is  applied. 

Stable,  large-disturbance  performance  of  a  multi-machine  power  system  depends  on  ade¬ 
quate  synchronizing  power  flows  being  established  between  synchronous  generators  to  pre¬ 
vent  loss  of  synchronism  of  any  generator  on  the  system.  High  gain  excitation  systems  are 
employed  to  increase  synchronizing  power  flows  and  torques.  The  decay  of  oscillations,  not 
only  following  the  initial  transient  (usually  the  first  swing)  but  also  following  cessation  of 
limiting  action  by  controllers,  is  dependent  on  the  development  of  damping  torques  of  an 
electro-magnetic  origin  acting  on  the  generator  rotors.  Damping  torques  may  be  degraded 
significantly  by  high  gain  excitation  systems  such  that,  if  the  net  damping  torque  is  negative, 
instability  occurs.  To  counter  this  type  of  instability,  positive  damping  torques  can  be  in¬ 
duced  on  generators  by  installing  continuously-acting  controllers  known  as  stabilizers. 

Small-disturbance  or  small-signal  rotor-angle  stability  is  associated  with  disturbances 
such  as  the  more-or-less  continuous  switching  on  and  off  of  relatively  small  loads.  The  anal¬ 
ysis  of  small-signal  rotor-angle  stability  is  conducted  for  a  selected  steady-state  operating 
condition  about  which  the  non-linear  differential  and  algebraic  equations  and  other  non-lin¬ 
earities  are  linearized.  This  process  produces  a  set  of  equations  in  a  new  set  of  variables,  the 
perturbed  variables.  Important  features  of  small-signal  analysis  are:  (i)  as  shown  by  Poincare, 
information  on  the  stability  of  the  non-linear  model  at  the  selected  operating  condition, 
based  on  the  stability  of  the  linearized  system,  is  exact;  and  (ii)  all  the  powerful  tools  and 
techniques  in  linear  control  system  analysis  are  available  for  the  design  and  analysis  of  dy¬ 
namic  performance.  The  design  of  power  system  stabilizers  for  inducing  damping  torques 
under  normal  and  post-contingency  conditions  is  conducted  using  such  facilities. 

Two  forms  of  spontaneous  small-signal  instability  may  be:  (i)  a  steady  increase  in  rotor  angle 
due  to  inadequate  synchronizing  torque,  or  (ii)  rotor  oscillations  of  increasing  amplitude  due 
to  insufficient  damping  torque.  Most  generally  in  practice,  however,  the  latter  is  of  concern 
in  small-signal  rotor-angle  stability  analysis. 

While  we  are  mainly  interested  in  small-signal  rotor-angle  stability  in  the  following  chapters, 
the  definitions  of  voltage  and  frequency  stability  are  quoted  from  [24]  for  information  and 
for  the  sake  of  completeness. 

Voltage  stability  refers  to  the  ability  of  a  power  system  to  maintain 

steady  voltages  at  all  buses  in  the  system  after  being  subjected  to  a  dis- 
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turbance  from  a  given  initial  operating  condition.  It  depends  on  the  abil¬ 
ity  to  maintain/restore  equilibrium  between  load  demand  and  load 
supply  from  the  power  system.  Instability  that  may  result  occurs  in  the 
form  of  a  progressive  fall  or  rise  of  voltages  of  some  buses. 

(In  system  planning  studies  it  is  occasionally  found  that  analyses  which  suggested  rotor  angle 
instability  are,  in  fact,  associated  with  voltage  instability;  at  times,  it  may  be  difficult  to  dis¬ 
criminate  between  them.) 

Frequency  stability  refers  to  the  ability  of  a  power  system  to  maintain 
steady  frequency  following  a  severe  system  upset  resulting  in  a  signifi¬ 
cant  imbalance  between  generation  and  load.  It  depends  on  the  ability 
to  maintain/restore  equilibrium  between  system  generation  and  load, 
with  minimum  unintentional  loss  of  load.  Instability  that  may  result  oc¬ 
curs  in  the  form  of  sustained  frequency  swings  leading  to  tripping  of 
generating  units  and/or  loads. 

1.5  Types  of  modes. 

The  term  ‘mode’  is  used  to  refer  to  the  natural  or  characteristic  response  to  a  disturbance  of 
the  small-signal  dynamics  of  the  power  system.  Such  modes  may  be  oscillatory  or  monoton¬ 
ic  and  in  the  time  domain  are  of  the  forms: 

otp  a2 1 

yft)  =  Axe  sin  (cop  +  <J) j)  or  y2{t)  =  A2e  Respectively. 

A  mode,  and  its  typical  frequency  range,  is  usually  identified  with  a  phenomenon  of  one  of 
the  following  types. 

•  Global  Mode.  This  is  a  low-frequency  mode  of  0.05  -  0.2  Hz  (approx.  0.3  -1.2  rad/ s)  in 
which  all  generating  units  move  in  unison.  Such  a  phenomenon  is  observed,  for  exam¬ 
ple,  in  isolated  systems  connected  to  an  AC  system  through  a  HVDC  link  [25], 

•  Low-frequency  mode.  This  is  a  localized  oscillatory  mode  of  frequency  0.01  -  0.05  Hz 
(approx.  0.05  -  0.3  rad/s).  For  example,  they  have  been  associated  with  interactions 
between  the  water  column  and  the  governors  on  hydro-generators  [26],  [27], 

•  Local-area  mode.  This  is  an  oscillatory  electro-mechanical  mode  and  is  usually  associ- 

1  . 

ated  with  the  rotors  of  synchronous  generating  units  in  a  station  swinging  against  the 
rest  of  the  power  system,  or  against  electrically-close  generating  station (s).  Its  fre¬ 
quency  range  is  normally  in  the  range  6-12  rad/ s  (1  -  2  Hz). 


1 .  By  a  ‘synchronous  generating  unit’  is  implied  the  synchronous  generator,  its  prime  mover 
and  their  controls. 
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•  Intra-station  or  intra-plant  mode.  This  oscillatory  electro-mechanical  mode  is  associated 
with  units  within  a  generating  station  swinging  against  each  other.  The  range  of  modal 
frequencies  is  normally  10  -  15  rad/s  (1.5  -  2.5  Hz). 

•  Inter-area  mode.  This  is  an  oscillatory  electro-mechanical  mode  and  is  associated  with 
a  group  of  generating  stations  in  one  area  of  the  system  swinging  against  a  group  of 
stations  in  one  or  more  other  areas  of  the  system.  Inter-area  modes  are  usually  associ¬ 
ated  with  (possibly)  weak  interconnecting  ties  between  geographically  separated  areas 
of  the  system.  The  range  of  modal  frequencies  is  typically  1.5-6  rad/ s  (0.25  - 1.0  Hz). 

•  Torsional  modes.  These  modes  are  normally  associated  with  oscillations  between  the 
rotating  masses  on  the  prime-mover  -  generator  shaft.  The  frequencies  of  these 
modes  are  normally  greater  than  50  rad/ s  (8  Hz)  for  nuclear  units,  and  greater  than  95 
rad/s  (15  Hz)  for  other  small  and  large  generating  units. 

•  Control  modes.  These  modes  may  be  oscillatory  or  monotonic  and  may  be  identified 
with  the  controls  of  generating  units  or  FACTS  devices. 

A  number  of  the  above  modes  are  referred  to  as  the  ‘electro-mechanical’  modes.  As  stated 
earlier  the  associated  oscillations  are  the  characteristic  or  natural  modes  of  the  system,  the 
frequency  and  damping  of  which  generally  change  with  the  operating  conditions,  i.e.  chang¬ 
es  in  the  system  configuration  and  the  loading  conditions.  Such  changes  in  operating  condi¬ 
tion  may  cause  the  system  to  drift  -  or  be  forced  '-  towards  a  small-signal  stability  limit. 
Instability  of  torsional  modes  caused  by  interactions  with  other  controllers  or  other  devices 
has  been  observed  [2]. 

In  recent  times  it  has  been  necessary  to  operate  power  systems  closer  to  stability  limits  be¬ 
cause  of  environmental  and  economic  considerations.  Furthermore,  lightly  damped  inter¬ 
area  modes  are  becoming  more  common  since  interconnections  between  power  systems  are 
also  increasing.  This  is  because  interconnections  allow  adjacent  systems  (i)  to  share  spinning 
reserve,  (ii)  to  reduce  costs  by  better  utilisation  of  the  more  efficient  generating  stations,  and 
(iii)  to  reduce  the  environmental  impact  by  using  the  most  efficient  units,  thereby  facilitating 
the  postponement  of  investment  in  new  generation.  Methods  are  continually  being  sought 
for  increasing  the  power  transfer  over  existing  (possibly  weak)  interconnections  thereby  re¬ 
ducing  the  damping  of  the  already  lightly-damped  modes.  Consequently,  ensuring  that  the 
damping  of  modes  of  rotor  oscillation  in  power  systems  provides  adequate  margins  of  sta¬ 
bility  has  been  -  and  still  is  -  of  concern  to  system  planners  and  operators. 

A  most  important  feature  of  small-signal  analysis  is  that  it  provides  an  understanding  of  the 
underlying  modal  structure  of  a  power  system  and  gives  insights  into  a  system's  dynamic 
characteristics  that  cannot  easily  be  derived  from  time-domain  simulations.  For  example,  in 
the  time-domain  response  following  a  major  fault  shown  in  Figure  10.32  only  three  of  the 
thirteen  modes  appear  to  be  excited;  the  nature  and  location  of  the  fault  does  not  signifi¬ 
cantly  excite  the  local-area  modes  outside  the  faulted  area  at  all.  Understanding  the  nature 


1.  In  the  aftermath  of  a  major  disturbance  on  the  system. 
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of  the  modal  behaviour  as  revealed  from  small-signal  analysis  yields  a  synoptic  view  of  the 
system  characteristics  which  would  require  many  large-signal  studies  of  faults  and  other  dis¬ 
turbances  in  different  locations  to  gain  similar,  but  not  exact,  information. 

1.6  Synchronous  generator  and  transmission  system  controls 

In  Figure  1 .2  are  shown  the  basic  controllers  and  control  signals  for  a  prime  mover,  synchro¬ 
nous  generator  and  static  VAR  compensator  (SVC).  These  are  the  basic  devices  with  which 
we  will  be  concerned  in  later  chapters  in  the  context  of  the  design  of  controllers,  however, 
other  Flexible  Alternating  Current  Transmission  System  (FACTS)  devices  such  as  Thyristor 
Controlled  Series  Capacitors  (TCSCs),  HVDC  transmission  links,  and  their  controls  will  also 
be  considered  [28],  [29]. 

The  control  objectives  are  to  ensure  that  system  voltages  and  frequency  lie  within  specified 
ranges  during  normal  and  abnormal  operating  conditions.  For  system  voltage  control  this  is 
achieved  by  adjusting  the  voltage  references  (or  set  points)  to  appropriate  levels  on  genera¬ 
tors  and  SVCs,  by  on-load  tap-changing  transformers,  or  by  injecting  or  absorbing  reactive 
power  by  switching  of  capacitor  banks  or  reactors.  System  frequency  control  may  be  imple¬ 
mented  in  several  ways  (e.g.  through  generator  dispatch  by  adjustment  of  the  speed  or  load 
set-points  on  governors).  For  the  purpose  of  small-signal  stability  analysis  our  focus  is  on 
the  dynamic  behaviour  of  continuously-acting  control  systems.  Discontinuous  controls 
such  as  transformer  tap-changers,  or  switching  operations  of  capacitor  banks  or  reactors, 
typically  incorporate  dead-hands,  hysteresis,  and  time  delays.  For  small-signal  stability  anal¬ 
ysis  at  a  given  operating  condition,  the  outputs  of  discontinuous  controllers  are  usually  as¬ 
sumed  to  be  fixed  at  their  initial  steady-state  values.  This  is  legitimate  because  for  small- 
disturbances  the  changes  in  the  discontinuous  controller  inputs  are  assumed  to  be  negligibly 
small  and  insufficient  to  trigger  changes  in  the  controller  output. 
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Figure  1.2  Basic  controls  for  a  synchronous  generating  unit  and  a  SVC.  Other  reactive 
and  voltage  controls  include  other  types  of  FACTs  devices,  reactors  and  capacitor  banks. 


When  investigating  the  small-signal  performance  of  a  system,  not  only  is  its  behaviour  under 
normal  conditions  of  interest  but  also  is  its  performance  in  the  immediate  post-fault  condi¬ 
tion  before  tap-changer  and  reactive  switching  operations  have  had  time  to  occur  and  also 
when  all  such  operations  have  been  completed  following  the  disturbance.  Any  investigations 
would  include  establishing  if  the  margin  of  stability  for  such  conditions  is  adequate. 

1.7  Power  system  and  controls  performance  criteria  and  measures. 

1.7.1  Power  system  damping  performance  criteria 

The  criteria  for  small-signal  damping  performance  of  the  power  system  are  the  more  rele¬ 
vant  in  the  analyses  in  the  following  chapters.  These  measures  take  different  forms  \  name¬ 
ly: 


The  damping  ratios  of  the  dominant  local  or  inter-area  modes  of  rotor  oscillation 
should  exceed  a  specified  value,  e.g.  0.03  or  3%. 

The  time  constant  of  the  dominant  mode  should  less  than  a  nominated  value.  (The 
time  constant  of  the  mode  is  time  taken  for  the  mode  to  decay  to  37%  of  its  initial 
value) . 


1. 


Values  for  these  measures  used  by  a  number  of  organizations  are  given  in  a  1996  report 

[30]. 
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•  The  settling  time  of  the  dominant  mode  should  be  shorter  than  a  specified  value.  For 
example,  depending  on  the  definition,  the  mode  will  decay  to  within  10%,  5%  or  2% 
of  its  initial  value  within  2.3,  3  or  4  times  the  time  constant  of  the  mode. 

As  an  example,  a  slightly  different  form  of  the  criterion  used  in  South-Eastern  Australia  is, 
as  stated  in  detail  in  the  National  Electricity  Rules  [31]: 

“Damping  of  power  system  oscillations  must  be  assessed  for  planning 
purposes  according  to  the  design  criteria  which  states  that  power  system 
damping  is  considered  adequate  if  after  the  most  critical  credible  con¬ 
tingency  event,  simulations  calibrated  against  past  performance  indicate 
that  the  halving  time  of  the  least  damped  electromechanical  mode  of  os¬ 
cillation  is  not  more  than  five  seconds. 

“To  assess  the  damping  of  power  system  oscillations  during  operation, 

or  when  analysing  results  of  tests  .  ,  the  Network  Service  Provider 

must  take  into  account  statistical  effects.  Therefore,  the  power  system 
damping  operational  performance  criterion  is  that  at  a  given  operating 
point,  real-time  monitoring  or  available  test  results  show  that  there  is 
less  than  a  10  percent  probability  that  the  halving  time  of  the  least 
damped  mode  of  oscillation  will  exceed  ten  seconds,  and  that  the  aver¬ 
age  halving  time  of  the  least  damped  mode  of  oscillation  is  not  more 
than  five  seconds.” 

The  above  criteria  imply  that  (i)  the  damping  constant  of  the  mode  should  be  less  than 
0.139  Np/ s  for  a  halving  time  of  5  s,  and  (ii)  for  an  inter-area  mode  of  2  rad/ s  (0.32  Hz), 
say,  the  damping  ratio  should  be  greater  than  0.07. 

1.7.2  Control  system  performance  measures 

The  measures  commonly  quoted  to  characterize  the  performance  of  a  control  system  are 
(i)  in  the  time  domain:  rise  time,  percentage  overshoot,  settling  time,  steady-state  error;  (ii)  in 
the  ^-domain:  damping  ratio,  damping  constant;  (iii)  in  the  frequency  domain:  phase  and 
gain  margins,  gain-crossover  frequency,  bandwidth.  However,  these  measures  are  deter¬ 
mined  not  only  by  the  controller(s)  but  also  by  the  device  under  control;  such  measures  are 
considered  in  more  detail  in  Chapter  2. 

For  specific  control  systems  such  as  synchronous  generator  excitation  systems,  governing 
systems,  etc.,  detailed  performance  criteria  are  the  subject  of  various  technical  standards.  For 
example,  in  the  case  of  excitation  systems,  two  sources  of  relevant  information  are  (i)  the 
IEEE  Std.  421.2-1990  [32]  which  is  a  guide  that  presents  dynamic  performance  criteria,  defi¬ 
nitions,  and  test  objectives  for  excitation  control  systems  as  applied  in  power  systems;  (ii) 
Clause  S5.2.5.13  “Voltage  and  reactive  power  control”  of  the  Australian  National  Electricity 
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Rules  [31]  which  specify  dynamic  performance  criteria  for  excitation  systems  of  generation 
connected  to  the  Australian  grid. 

1.8  Validation  of  power  system  models 

Power  system  simulations  for  the  purpose  of  detailed  dynamic  performance  analysis  are  re¬ 
quired  for  a  variety  of  purposes  including  real-time  operational  control  (e.g.  dynamic  secu¬ 
rity  assessment),  operational  and  long-term  planning,  controller  design  and  tuning.  If  the 
results  of  such  dynamic  simulations  are  to  be  trusted  then  the  models  of  the  generating 
plants  and  their  controls,  the  system  loads  and  the  interconnecting  network,  on  which  on 
which  the  simulations  are  based  must  be  accurate.  In  a  number  of  jurisdictions,  to  achieve 
the  required  level  of  modelling  accuracy  it  is  required  that  field  tests  be  performed  to  estab¬ 
lish  the  parameters  of  generating  plants  and  their  controls,  and  to  verify  that  the  model  ac¬ 
curately  represents  the  dynamic  performance  of  the  plant  at  its  point  of  connection  to  the 
network.  For  example,  in  Australia  the  Generating  System  Model  Guidelines  [33]  -  which 
are  enforceable  under  the  National  Electricity  Rules  [31]  -  stipulate  requirements  for  steady- 
state,  short-circuit  and  dynamic  models  of  generating  plant  that  are  connected  to  the  grid. 
In  2007  the  Western  Electricity  Coordinating  Council  (WECC)  in  the  United  States  similarly 
developed  and  maintained  guidelines  for  generating  system  technical  data,  testing  and  model 
validation  [34] .  An  IEEE  Task  Force  published  guidelines  for  validation  testing  of  generator 
models  for  rotor-angle  stability  analysis  [35],  Models  for  rotor- angle  stability  analysis  are 
typically  required  to  be  accurate  in  the  frequency  range  from  DC  to  at  least  5  Hz  (3 1 .4  rad/ 
s).  In  some  jurisdictions  the  minimum  accuracy  requirements  are  expressed  quantitatively; 
in  others  engineering  judgment  is  applied  on  a  case-by-case  basis  to  assess  the  accuracy  of 
models. 

In  addition  to  validating  the  models  of  individual  generating  plant  and  control  systems,  sys¬ 
tem  wide  tests  are  typically  undertaken  from  time  to  time  to  establish  the  validity  of  the  in¬ 
tegrated  system  models.  Furthermore,  the  results  of  such  tests  may  be  used  to  calibrate  the 
system  models.  Such  system  tests  may  be  staged  with  the  intent  of  exciting  key  system  dy¬ 
namic  responses,  for  example,  by  switching  transmission  circuits,  energizing  braking  resis¬ 
tors.  System  disturbances  may  be  unstaged  with  important  system  dynamic  responses  being 
excited,  say,  by  a  system  fault.  Recently,  on-line  modal  estimation  schemes  have  also  been 
employed  to  assist  in  validating  and/ or  calibrating  small-signal  models  of  power  systems 

[36].  ' 

1.9  Robust  controllers 

In  what  follows  it  is  assumed  -  based  on  some  design  procedure  or  technique  -  that  the  con¬ 
figuration  and  parameter  values  of  a  robust  controller  are  fixed,  i.e.  gain  scheduling,  condi¬ 
tional  path  switching  or  some  such  form  of  variation  is  not  employed.  For  the  purposes  of 
the  analyses  in  later  chapters  a  fixed-parameter  controller  is  said  to  be  robust  if  over  the  de¬ 
fined  range  of  modal  frequencies,  and  over  a  prudently-chosen,  encompassing  range  of  N 
and  IV- 1  operating  conditions,  the  stabilizers  induce  adequate  positive  levels  of  damping  and 
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synchronizing  torques  on  the  shafts  of  the  generators  such  that  the  power  system  is  stable 
subject  to  the  relevant  stability  margins.  (See  Section  1.2,  item  3)  (Note:  as  is  shown  in 
Chapter  13,  for  some  inter-area  modes  the  stabilizer  may  degrade  the  damping  torques  on 
other  generators.) 

1.10  How  small  is  ‘small’  in  small-signal  analysis? 

For  the  purpose  of  small-signal  analysis  it  is  often  convenient  or  necessary  to  express  the 
shaft  equation  for  the  synchronous  machine  in  terms  of  the  perturbations  in  the  per-unit 
mechanical  and  airgap  torques  A T,n  and  AT),,  acting  on  the  shaft.  The  equation  for  the 

small-signal  motion  of  the  shaft,  evaluated  at  a  steady-steady  operating  condition,  is  derived 
in  (4.59),  and  is  expressed  in  a  commonly-used  per-unit  form  as: 

2 H  ■  ^Aro  +  D  ■  Aa>  =A Tm  -  A Tg , 

where  Aa>  is  the  per-unit  perturbation  in  the  angular  speed  of  the  shaft,  H  is  the  inertia  con¬ 
stant  of  the  prime  mover,  shaft  and  generator  (MWs/MVA),  and  D  is  a  damping  coefficient 
(pu  torque/ pu  speed  perturbation).  It  should  be  noted  that  for  small  perturbations  in  speed: 
(i)  A Pm  =  A Tm  and  A Pa  =  A T  (per-unit);  (ii)  the  perturbation  in  the  electrical  power  out¬ 
put  of  the  generator  (A P£)  is  related  to  the  air-gap  power  (A Pa)  by  A P£  =  APa  -  2r 
where  r a  is  the  stator  resistance  (per-unit),  /Q  and  AT  are  the  steady-state  and  the  perturba¬ 
tions  in  stator  current  (per-unit),  respectively.  Typically,  r a  is  very  small  and  consequently 

A  Pe  =  &Pg- 

In  using  the  linearized  equations  for  the  generator  and  other  elements  of  the  power  system, 
or  when  conducting  field  tests  on  devices,  it  is  necessary  to  decide  for  what  size  of  distur¬ 
bance  the  system  response  can  deemed  to  be  linear.  For  example,  for  what  peak-peak  swing 
in  electrical  power  output  is  the  generator  response  essentially  small  signal?  For  the  particu¬ 
lar  application  an  analysis  may  be  required  to  determine  for  what  size  perturbations  the  per¬ 
formance  of  the  system  can  be  considered  ‘small  signal’. 

In  the  context  of  the  ‘small-signal  analysis’  of  the  dynamic  performance  of  power  systems 
the  question  often  arises  in  practice  ‘how  small  is  small’.  As  mentioned  earlier,  we  know 
from  Poincare  that  the  non-linear  model  of  the  power  system  at  a  selected  operating  condi¬ 
tion  is  stable  if  its  linearized  system  at  that  operating  condition  is  stable.  However,  informa¬ 
tion  on  the  perturbations  in  the  variables  in  the  linearized  system  becomes  exact  only  as  their 
magnitudes  tend  to  zero.  In  practical  applications  such  as  staged  tests,  this  implies  that  the 
magnitude  of  any  perturbations  must  be  kept  ‘small’,  e.g.  for  step-changes  in  the  reference 
input  signal  for  the  testing  of  a  closed-loop  control  system  whose  design  is  based  on  linear 
control  theory. 

For  illustrative  purposes  consider  the  classical  power- angle  characteristics,  treated  earlier,  of 
a  simple  transmission  line,  reactance  X  in  per-unit.  The  non-linear  power-angle  function  is 
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P  =  (VsV/X)sm8  =  Pmax  sinS, 


(1.2) 


in  which  P  is  the  power  (per-unit)  transmitted  from  the  sending  to  receiving  end,  5  is  the 
difference  in  voltage  angle  (rad)  between  the  sending-  and  receiving-end  buses;  and  Vr 
the  respective  voltage  magnitudes  (per-unit).  For  convenience  we  define 


are 


P  =  V  V  /X. 

max  sr 


For  small-disturbances  the  non-linear  power-angle  function  is  linearized  about  an  initial 
steady-state  operating  point  (P0,50)  employing,  for  example,  the  method  used  in 
Section  3.3.  The  resulting  small-signal  characteristic  is  described  by: 

AP  =  Pmaxcos^ 0A5  per  unit  at  (PQ, 80).  (1.3) 


Let  Pmax  =  1000  MW  =  1  pu.  In  Figure  1.3  two  regions  of  linear  operation  on  the  non-lin¬ 
ear  characteristic  are  shown.  For  these  regions  the  steady-state  operating  conditions  are  re¬ 
spectively  P0  =  500  MW,  50  =  30°  and  Pq  =  940  MW,  50  =  70°  .  The  criterion  employed 

for  a  linear  range  is,  say,  that  the  maximum  power  deviation  between  the  linear  and  non¬ 
linear  characteristics  is  less  than  8.5  MW. 


Angle  8  (deg) 

Figure  1.3  Regions  of  the  power-angle  characteristic  about  30°  and  70°  for  which 
peak  to  peak  oscillatory  swings  in  power  and  rotor  angle  can  be  considered  linear. 
Over  these  ranges  the  maximum  deviations  between  the  linear  and  non-linear  power 
characteristics  are  less  than  8.5  MW  (i.e.  0.0085  pu) 
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Based  on  our  criterion,  for  a  continuous  oscillatory  angular  swing  of  20°  peak-peak  about 
the  steady-state  angle  of  30°;  the  power  swing  of  300  MW  peak-peak  is  ‘linearly  related’  to 
the  angular  swing.  Similarly,  at  the  steady-state  angle  of  70°  the  maximum  power  swing  is 
restricted  to  90  MW  peak-peak  and  is  ‘linearly  related’  to  a  smaller  angular  swing  of  15° 
peak-peak.  Clearly,  under  more  stressed  conditions  the  range  of  perturbations  over  which 
the  system  performance  can  be  considered  more-or-less  linear  is  much  smaller.  Therefore, 
depending  on  the  application  and  the  type  of  disturbance,  engineering  judgement  -  and  anal¬ 
ysis  -  is  required  to  establish  ‘how  small  is  small’. 

1.11  Units  of  Modal  Frequency 

Throughout  this  book  the  preferred  unit  of  frequency  ©  of  the  mode  a  ± y©  is  in  radian/ 
second  (rad/ s)  and  the  damping  constant  a  is  in  Neper/ second  (Np/ s).  The  damping  ratio 
is  defined  in  Section  2. 8. 2.1  as: 

E,  =  -a/Ja2  +  to2  «  -a/©  if  0  <-a  <  0.3© ,  say. 

Knowledge  of  the  value  of  a  is  important,  in  particular  the  system  is  stable  if  a  <  0  and 
unstable  if  a  >  0  .  Moreover,  the  value  of  a  not  only  provides  a  measure  of  the  margin  of 
stability  but  yields  the  settling  time  of  the  modes,  e.g.  the  time  for  the  envelope  of  an  oscil¬ 
lator)'  mode  to  decay  to  a  value  of  5%  of  the  final  value  is  three  time  constants,  -3/a  . 

For  lightly  damped  modes  it  is  useful  to  remember  that  if  0  <  -a  <  0.3  ©  ,  and  if  ©  is  in  rad/ 
s,  then  E,  «  -a/©  . 

In  reports  and  papers  of  some  organizations,  it  is  common  to  characterize  a  mode  by  its  val¬ 
ues  of  E,  and  ©  (in  Hz)  rather  than  -a  (in  Np/ s)  and  ©  (in  rad/ s).  Therefore,  in  order  to 
estimate  (mentally)  the  value  of  a  for  a  lightly  damped  stable  mode  it  is  necessary  multiply 
©  (in  Hz)  by  2  it  ©^  .  For  example,  if  ^  =  0.03  and  ©  =  0.2  Hz,  then  ©  =  1.26  rad/sand 
a  =  -0.038  Np/s;  it  may  then  be  considered  that  the  associated  margin  of  stability  of 
0.038  Np/ s  is  too  low. 

If  the  frequency  is  specified  in  rad/ s  an  approximate  value  is  sometimes  given  in  Hz,  and 
vice-versa;  for  example  ©  =  6.3  rad/ s  or  1  Hz. 

1.12  Advanced  control  methods 

It  should  be  emphasized  that,  in  this  book,  techniques  for  the  analysis  and  design  of  con¬ 
trollers  employ  the  ‘inherent’  characteristics  of  the  components  of  the  power  system,  for  ex¬ 
ample  the  ‘P-Vr’  characteristic  of  the  generator  for  the  tuning  of  its  power  system  stabilizer. 
These  techniques  are  mainly  based  on  the  so-called  ‘classical’  control  theory.  Other  tech¬ 
niques,  sometimes  called  ‘Advanced  Control  Methods’  [37],  tend  not  to  utilize  the  ‘inherent’ 
system  characteristics  and  in  the  case  of  large,  multi-machine  systems  advanced  methods  of 
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control  have  had  limited  application  in  practice  to  date.  Nevertheless,  combining  the  ideas 
in  advanced  control  methods,  and  utilizing  the  ‘inherent’  characteristics  of  the  system  and 
its  devices,  may  not  only  be  a  fruitful  line  of  research  but  may  also  lead  to  practical  out¬ 
comes. 
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Control  systems  techniques  for 

small-signal  dynamic  performance  analysis 


2.1  Introduction 

2.1.1  Purpose  and  aims  of  the  chapter 

As  emphasized  in  the  Section  1.1  the  equations  describing  an  electric  power  system  and  its 
components  are  inherently  non-linear.  The  equations  contain  non-linearities  such  as  the 
product  of  voltage  and  current,  functional  non-linearities  such  as  sine  and  cosine,  and  non¬ 
linear  characteristics  such  as  magnetic  saturation  in  machines.  The  analysis  of  dynamic  sys¬ 
tems  with  non-linearities  is  complex,  particularly  for  power  systems  which  are  large  and  have 
a  variety  of  non-linear  elements.  On  the  other  hand,  in  the  case  of  linear  control  systems, 
there  is  a  comprehensive  body  of  theory  and  a  wide  range  of  techniques  and  tools  for  as¬ 
sessing  both  the  performance  and  stability  of  dynamic  systems. 

For  small-signal  analysis  of  power  systems,  the  non-linear  differential  and  algebraic  equa¬ 
tions  are  linearized  about  a  selected  steady-state  operating  condition.  A  set  of  linear  equa¬ 
tions  in  a  new  set  of  variables,  the  perturbed  variables,  result.  For  example,  on  linearization, 
the  non-linear  equation  y  =  ...,x„)  =  f(x)  becomes  a  linear  equation  in  the  per¬ 

turbed  variables,  Ay  =  AjAxj  +  k2Ax2  +  ...  +  knAxn ,  at  the  initial  steady-state  operating 
condition  70,  A10,  X20,  . . .,  Xn0  .  The  constant  coefficients  depend  on  the  initial  condition. 
The  question  now  is:  how  does  the  assessment  of  stability  and  dynamic  performance  based 
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on  the  analysis  of  the  linearized  system  relate  to  those  aspects  of  the  non-linear  system?  As 
also  mentioned  earlier,  a  theorem  by  Poincare  states  that  information  on  the  stability  of  the 
non-linear  system,  based  on  a  stability  analysis  of  the  linearized  equations,  is  exact  at  the 
steady-state  operating  condition  selected.  However,  information  on  the  variable 
Xj  =  Ax(-  +  X  Q  becomes  exact  only  as  Axy  — >  0  .  That  is,  for  practical  purposes,  the  pertur¬ 
bations  must  be  small  -  typically  a  few  percent  of  the  steady-state  value. 

Small-signal  analysis  of  power  systems,  based  on  the  linearized  dynamic  equations,  provides 
a  means  not  only  of  assessing  the  stability  and  the  damping  performance  of  the  system 
(through  eigenanalysis  and  other  techniques),  but  also  for  designing  controllers  and  deter¬ 
mining  their  effectiveness.  The  various  applications  of  small-signal  analysis  in  the  field  of 
power  systems  dynamics  and  control  are  the  subjects  of  later  chapters.  The  purpose  of  this 
chapter  is  to  introduce  and  extend  some  of  the  concepts  in  linear  control  theory,  analysis 
and  design  which  are  particularly  relevant  to  understanding  of  later  material. 

2.2  Mathematical  model  of  a  dynamic  plant  or  system 

Why  model?  Maybe  a  reason  is  that  we  wish  to  describe  the  behaviour  of  the  plant  when 
subjected  to  some  disturbance  or  to  the  action  of  a  control  signal.  One  means  of  character¬ 
izing  its  behaviour  is  by  determining  its  time  response  to  a  test  signal  such  as  a  step  input. 
However,  in  order  to  calculate  the  response  we  require  a  mathematical  model  of  the  plant. 
Such  a  model  can  be  derived  from  tests  but  often  is  most  simply  described  by  a  set  of  dif¬ 
ferential  equations  which  are  derived  from  first  principles.  Let  us  consider  two  simple  ex¬ 
amples  the  results  of  which  will  be  of  interest  in  later  cases.  In  these  examples  let  p  represent 
the  differential  operator  d/  ( dt ) ,  i.e.  p  =  d/ ( dt ) .  Note  that  we  can  manipulate  expressions 
in  p  as  we  would  any  algebraic  variable. 

Example  1. 

A  simple  resistive-inductive  circuit  is  shown  in  Figure  2.1.  Write  down  the  equations  which 
describe  the  behaviour  of  the  current  /(f)  when  an  arbitrary  voltage  vs(f)  is  applied  to  the 
circuit.  The  circuit  resistance  is  r  (ohm)  and  its  inductance  is  L  (Henry);  the  inductor  is  air- 
cored. 


i(t)  L 

+ 

vs(t) 


Figure  2.1  Simple  resistive-inductive  circuit 

Because  there  is  no  iron  in  the  magnetic  circuit  the  voltage  drop  across  the  inductance  is  lin¬ 
early  related  to  the  current  through  it.  Thus,  from  Kirchoff  s  voltage  law,  the  voltage-current 
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relationship  at  time  t  is 


v,(0  =  i(t)r  +  L 


di(t ) 
dt 


or 


di(t) 

dt 


+iK 


nm 

L 


The  latter  equation  can  be  expressed  in  a  more  convenient  form  involving  the  operator 
p  =  d/ (dt) ,  i.e. 

(p  +  r/L)i  =  vs/L.  (2.1) 

Note  that  in  (2.1)  we  recognise  that  the  variables  are  instantaneous  quantities  in  the  time  do¬ 
main  and  therefore  we  have  dropped  the  dependency  on  time,  ( t ) . 


Example  2 

A  load  is  driven  by  a  d.c.  motor  at  an  angular  speed  of  a>(t)  (rad/s)  as  illustrated  in 
Figure  2.2.  The  speed  of  the  motor  and  load  is  controlled  by  varying  the  DC  supply  voltage 
vs(0  (volts),  the  field  current  being  held  constant.  The  back-emf  developed  by  the  motor  is 
vh(t) ;  the  torque  of  electromagnetic  origin  developed  by  the  motor  is  Te(t)  (Nm)  and  the 
opposing  load  torque,  TL(t)  (Nm),  is  proportional  to  shaft  speed.  The  combined  polar  mo- 

ment  of  inertia  of  the  rotors  of  the  load  and  motor  is  J  (kg-m  ).  The  resistance  and  induct¬ 
ance  of  the  armature  winding  are  r  (ohm)  and  L  (Henry),  respectively.  The  effect  of  armature 
reaction  on  the  field  flux  is  negligible. 


i(t)  L 

+  + 


vs(t)  Vb(t) 


00 


Tp  co  load 


Figure  2.2  DC  motor  and  load 

(i)  Write  down  the  equation  that  describes  the  behaviour  of  the  load  current  i(t)  when  an 
arbitrary  voltage  v  (?)  is  applied  to  the  circuit. 


Based  on  Kirchoff  s  voltage  law,  the  voltage-current  relationship  at  time  t  is: 


,  •  ,  Tdi 
Vs  =  Vb  +  "-  +  LJt’ 

1  /£  ,  , 

'  "  J+7/Z*  d- 


or 


(2.2) 
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(ii)  Derive  an  expression  which  describes  the  behaviour  of  the  shaft  speed  when  the  motor 
torque  is  varied. 


Based  on  Newton’s  Second  Law  of  Motion,  the  accelerating  torque  on  the  shaft  is 


T  -T  = 

e  m 


jda 

dt 


(2.3) 


Let  the  load  torque-speed  characteristic  be  defined  by  Tm  =  kLa> .  Following  substitution  of 
the  latter  expression  for  T m  in  (2.3),  we  find: 


co 


1  /J  T 
p  +  kL/  J  e ' 


(2.4) 


(iii)  Derive  the  differential  equation  which  describes  the  variation  of  motor  speed  with 
changes  in  supply  voltage. 


Because  the  field  flux  is  independent  of  the  load  current  the  electrical  torque  is  proportional 
to  load  current,  T  =  k{i .  The  back  e.m.f.  is  proportional  to  speed,  vh  =  k[0 co. 

Substitute  for  Te  in  (2.4),  with  the  result  that: 


co 


\/J 

p  +  kL/  J 


kji . 


(2.5) 


Substitution  of  (2.2)  in  (2.5)  yields 


(2.6) 


Speed  co,  the  dependent  variable,  can  then  be  expressed  in  terms  of  the  supply  voltage,  the 
independent  variable  v? ,  in  the  following  form: 


+  »-  +  —  + 


k,r  +  k  k 
_ co_ 

LJ 


®(o  =  -[-j  vs(ty 


(2.7) 


The  plant  equations  such  as  (2.1)  and  (2.7)  are  simple;  more  complex  cases  will  be  consid¬ 
ered  later.  The  significance  of  these  equations  is  that  they  represent  simple  forms  of  the  fol¬ 
lowing  general  form  of  the  differential  equation: 

ip"  +  an_lpn  1  +  ...+alp  +  a0)y(t)  =  (bmpm +  bm_xpm  1  +  ...  +  b0)u(t) ,  m<n.  (2.8) 

Notice  all  the  terms  in  the  output  or  dependent  variable  y(t)  are  collected  on  the  left-hand 
side  of  the  equation,  those  in  the  input  variable  u{t)  on  the  right-hand  side.  Importantly,  the 
resulting  equation  is  a  single,  n*  order  differential  equation  in  the  dependent  variable  y(t) , 
i.e.  the  nature  of  the  time-domain  response  depends  on  the  form  of  the  input  variable  u(t). 
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For  example,  the  input  signal  may  be  a  step  function  or  a  sinusoidal  function  of  time,  both 
of  which  are  commonly-used  test  signals. 

In  the  general  case  m  <  n  .  The  system  of  order  n  is  said  to  be  “proper”  when  in  =  n ,  or 
“stricdy  proper”  when  m  <  n  . 

Example  3 

For  the  plants  described  in  (2.1)  and  (2.7),  n  =  1,  m  =  0  and  n  —  2  and  m  =  0,  respectively; 
both  systems  are  therefore  strictly  proper. 


2.3  The  Laplace  Transform 

The  theory  and  application  of  Laplace  Transforms  are  covered  in  detail  in  the  literature  [1] 
[2],  hence  only  features  of  significance  to  the  understanding  of  the  material  in  this  and  the 
following  chapters  are  reviewed. 

A  valuable  application  of  Laplace  Transforms  is  the  solution  of  linear  differential  equations 
of  the  form  of  (2.8). 

Example  4 

Form  the  Laplace  Transform  of  the  following  second-order  differential  equation  which  de¬ 
scribes  the  dynamics  of  a  plant: 

p2y+  a{py  +  a0y  =  bxpu  +  bQu  .  (2.9) 

Let  F(s)  be  the  Laplace  Transform  of  a  function  f[t).  The  following  results  are  derived  from 
a  table  of  Laplace  Transforms: 

L  [ af(  t) ]  =  aF(s) ,  a  is  a  constant  coefficient; 

L  [/;/(?)]  =  sF(s)  -/( 0) ,  /( 0)  is  the  value  of f[t)  at  time  zero; 

L  [p2f(t)]  =  s2F( s )  - sf( 0 )  - pf( 0 ) ,  p/( 0)  is  the  value  of  the  derivative  at 

time  zero. 

A  convention  is  adopted  that  the  input  u(t)  commences  at  time  t(0  +) ,  hence  at  time  zero 
u(t)  and  all  its  derivatives  are  zero,  i.e.  u( 0)  =  pu{ 0)  =  ...  =  0  .  Initial  conditions  on  the 
dependent  variable  are  specified  at  t  =  0  . 

Substituting  the  expressions  for  the  Laplace  Transforms  in  (2.9),  and  accounting  for  initial 
conditions  on  u(t) ,  we  find 
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(s2  +  fljj  +  a0)y(s)  -  (s  +  fljMO) -py( 0) 
=  (b^s  +  b0)U(s)  -  b xu( 0) 


Thus  the  output  response  7(s)  can  be  expressed  in  terms  of  both  the  forcing  function  (7(s) 
and  the  initial  conditions  on  the  output  as: 


Y(s) 

N. 


bxs  +  b  o  (s  +  ax)y(0)  +py(0) 

-U(s)  +  ■ 


sl  +  aqs  +  a0 


SZ  +  fljS  + 


and  m(0)  =  0. 


(2.10) 


V  N_ 


V 

forced  response  natural  response 

Note  that  we  can  manipulate  the  Laplace  operator  s  as  any  other  algebraic  variable. 


There  are  two  terms  in  the  output  response  7(s)  in  (2.10).  The  first  term,  called  the  forced 
response,  is  determined  by  the  nature  of  the  forcing  function,  the  input  U(s).  The  second 
term,  called  the  natural  response,  is  determined  only  by  initial  conditions  on  the  dependent 
variable;  in  this  case  the  output  signal  and  its  derivatives  at  time  zero.  If  all  initial  conditions 
are  zero,  only  the  forced  response  is  present  in  the  output.  Similarly,  only  the  natural  re¬ 
sponse  exists  in  the  output  in  the  absence  of  an  input  signal  ( U(s )  =  0). 


If  all  initial  conditions  are  zero,  equations  of  the  form  of  (2.10)  can  be  written  as: 


Y(s)  =  b{s  +  b0 
U(s)  ^2  +  a1^  +  fl0 


G(s). 


G(s)  is  called  the  Transfer  Function  (TF)  between  the  input  U(s)  and  output  L(s). 


In  summary,  therefore,  if  it  is  assumed  that: 

•  the  initial  conditions  on  the  dependent  variable  and  all  its  derivatives  are  zero,  i.e. 

2 

y(f 0)  =  py(t 0)  =  p  0)  =  •••  =  °> and 

•  the  input  signal  is  applied  at  time  t( 0  +)  (so  that  u{t(j)  and  all  its  derivatives  are  zero), 

then  the  Laplace  Transform  of(  2.8)  and  (2.9)  can  be  simply  formed  from  the  differential  equation 
by  replacing  the  differential  operator  p  by  the  complex  Laplace  operator,  s.  The  time-domain 
variables  y(t)  and  u(t)  become  the  Laplace  variables  L(s)  and  U(s),  respectively.  Applying 
these  results  directly  to  (2.8),  we  find  the  general  form  of  the  differential  equation  describing 
the  plant  becomes 

(sn  +  an_{sn  1  +  ■■■ +a{s +  a0)Y(s)  =  (bmsm +  bm_lsm  1  +  ...  +  bQ)U(s),  m<n.  .(2.11) 
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The  transfer  function,  which  can  be  expressed  a  ratio  of  two  polynomials  in  s,  is  thus 


m  -  I 


r(  v  Y(s)  bmS  +bm- Is  +  ■■■  +b0  f  , 

G(T)  =  ^  - — »  for  ('"<«)• 

)  m  +n  ,s  +  ...+a,S  +  fln 


(2.12) 


n-r 


Notice  that  a  significant  short-cut  for  writing  the  transfer  function  directly  from  the  differential 
equation  is  demonstrated. 

Note  that  if  m  =  n  then  the  transfer  function  can  be  written  in  the  form: 

(bn_l-bnan_l)sn~1  +  ...+(bl-bnal)s  +  (b0-bna0) 

n  n  n  -  1 

s  +an-is  +  ...+a1s  +  a0 

The  above  transfer  function  consists  of  two  paths,  one  being  the  direct  path  between  input 
and  output  through  the  gain  b  ;  this  path  is  simple  to  accommodate  in  any  analysis  -  for 
example  in  that  of  lead  and  lag  transfer  functions.  Note  that  in  the  following  analysis  and 
chapters  it  will  be  assumed  that  m  <  n  ,  i.e.  all  transfer  functions  are  proper  or  strictly  proper. 
It  will  be  found  in  the  analyses  that  follow  in  this  chapter  that  the  transfer  function  (2.12)  is 
a  more  useful  and  practical  form  of  the  plant  or  system  model  than  the  form  described  by 
the  «th  order  differential  equation,  (2.8). 

An  example  illustrating  an  application  of  the  above  results  is  discussed  below. 

Example  5 

Find  the  time  response  y{t)  of  a  plant  described  by  (2.12)  given  an  input  signal  u(t). 

If  the  input  function  U(s)  is  known,  the  solution  for  the  response  Y(s)  is 

y^)  =  ^bmsm  +  bm- i^”1  +  +b0)/(sn  +  an_ls'1~l  +  ...  +a1s  +  a0)]t/(s). 


The  Laplace  Transforms  for  a  range  of  input  signals  are  given  in  tables  of  Laplace  Trans¬ 
forms;  for  example: 

step  input:  u(t)  =  Rq  for  all  t  >  0,  u(t)  =  0  for  t  <  0:  U{s )  =  R0/ s ; 

2  2 

sinusoidal  input:  u(t )  =  ^4sincof:  U(s)  =  (Aco)/(s  +  ro  ) . 

As  an  illustration,  let  us  determine  the  response  of  the  current  through  the  inductor  in 
Example  1  to  a  step  increase  in  the  input  voltage  of  Vq  volts.  Assuming  zero  initial  condi¬ 
tions,  replacing p  by  s  in  (2.1)  and  setting  U(s)  =  Vq/s,  we  find 


m= 


l/L 
s  +  r/L 


s 


1 


s  +  r/L 
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From  a  table  of  inverse  Laplace  Transforms  [1]  [2],  the  time  responses  for  the  terms  1/s 
and  1  /(s  +  r/L)  are  found  to  be  1  and  exp  [~(r/L)t~\,  respectively.  Hence  the  time  re¬ 
sponse  of  the  inductor  current  is: 


The  concepts  and  results  discussed  above  are  of  particular  value  in  analyzing  and  designing 
power  system  controllers.  The  so-called  “classical”  methods  for  the  analysis  and  design  of 
linear  control  systems  are  based  on  the  single-input,  single-output  transfer-function  model 
of  a  plant  or  system.  The  examination  of  the  properties  of  the  transfer  function,  and  of  the 
information  on  system  dynamic  performance  derived  from  those  properties,  is  the  subject 
of  the  following  sections. 

2.4  The  poles  and  zeros  of  a  transfer  function. 

Considerable  information  on  the  stability  and  dynamic  performance  of  a  plant  is  derived 
from  the  knowledge  of  the  location  of  the  poles  and  zeros  of  its  transfer  function.  Impor¬ 
tantly,  such  knowledge  is  obtained  without  having  to  solve  the  differential  equation  of  the 
form  of  (2.8)  for  the  plant.  Not  only  may  a  solution  of  the  differential  equation  be  time-con¬ 
suming  to  conduct,  but  the  information  derived  from  the  associated  time  response  is  not  as 
extensive  as  that  extracted  from  an  analysis  of  its  associated  transfer  function  (2.12). 

The  transfer  function  G(s)  of  (2.12)  can  be  expressed  in  the  following  pole-zero  form, 
namely, 

,  P(s)  A(s-zx)(s-z2)...(s-zm) 

G(s)  =  777-7  =  7 - 77 - " — 7 - r  ,  m  <  n  , 

Q(s)  (s-pl)(s-p2)...(s-pn) 

when  P(s)  and  Q(s)  are  factorized  into  factors  with  real  roots  or  complex-conjugate  pairs 
of  roots.  The  denominator  polynomial  Q(s) ,  when  set  equal  to  zero,  is  known  as  the  char¬ 
acteristic  equation-. 

Q(s)  =  ansn  +  an_1sn~1  +  ...+a0  =  0.  (2.13) 

The  roots  of  the  characteristic  equation  p j  ,...  ,p  are  known  as  the  zeros  of  Q(s)  or  the 
poles  of  G(s) ;  for  example  the  poles  lie  at  s  =  p^,  s  =  p  in  the  complex  s-plane.  Like¬ 
wise,  Zj  ,...  ,z  are  the  zeros  of  both  P(s)  and  G(s)  and  lie  at  s  =  Zj,  ...,s  =  z  in  the  com¬ 
plex  j-plane. 
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Note  that  the  poles  and  zeros  of  G(s)  may  be  real  or  complex.  For  example  the  poles  of  the 
transfer  function, 


G(s) 


13(5-  +  5) 
s2  +  4s+  13  ’ 


are  a  complex-conjugate  pair  and  lie  at  5j  =  -  2  +y'3,  s7  =  -  2  —j 3  in  the  complex  5 -plane; 
the  zero  lies  at  s  =  -5. 


The  significance  of  the  poles  and  zeros  of  G(s )  will  be  examined  in  more  detail  in  the  fol¬ 
lowing  sections. 

2.5  The  Partial  Fraction  Expansion  and  Residues 

2.5.1  Calculation  of  Residues 

If  all  the  poles  are  distinct,  i.e.  there  is  not  more  than  one  pole  at  any  location,  the  transfer 
function  given  by  (2.12)  can  be  written  as 

G(s)  =  ^£)  =  _Ee  +  _^  +  ...+_^L  +  ...  +  _^,«<«-  (2-14) 

Q(s)  s-p  j  s-p  2  s-Pi  s-pn 


If  px  and  p2  ,  say,  are  a  complex-conjugate  pair,  K i  and  K2  are  also  a  complex-conjugate 
pair. 


The  coefficient  K-  is  calculated  by  multiplying  both  sides  of  (2.14)  by  ( s  —  »■)  (this  isolates 

th 

Kj  in  (2.14)),  and  then  setting  s  equal  to  pf  (this  sets  all  other  terms,  except  the  i  ,  to  zero). 
Thus,  for  example,  to  isolate  and  calculate  K j  we  evaluate  the  expression, 

PtiQl  =  A(Pi-zi)(Pi-z2y--(Pl-zm) 

s  =p{ 


= 


(s-p  i) 


0(^)J 


(P\-P2)(P\-P-i)---(P\-Pn(  ’ 


m  <  n , 


(2.15) 


using  the  procedure  illustrated  in  the  following  example. 


Example  6 

Evaluate  the  partial  fraction  expansion  for  the  following  transfer  function. 


G(s) 


A(s  +1) 

(s  +  2)(s  +  3) 


Kx  K2 

CsT2)  +  (7+3)’  ^ence  px  =  -2,  p2  =  -3  . 


Multiply  terms  two  and  three  by  (s+2)  to  isolate  Kx, 


A(s  +  1)  =  K2(s  +  2) 
(^  +  3)  1  (5  +  3) 


Then  set  5  =  -2  ,  thus 


A(-  2  +  1) 
(-2  +  3) 


=  KX 


+  K'f 


(-2  +  2) 
(-2  +  3) 


=  K 


1  > 


hence  K  x  =  —A  . 


32 


Control  systems  techniques  Ch.  2 


Following  the  same  procedure  for  the  pole  at  s  =  -3 ,  we  find  K1  =  -2 A. 


When  the  transfer  function  G(s)  is  expressed  as  a  summation  of  first-order  transfer  func 


tions,  as  in  (2.14),  the  constant  Kj  is  also  known  as  the  residue,  r- ,  of  the  pole  at  (s  =/?■). 
For  a  pair  of  complex  poles,  the  residue  Ki  and  its  complex  conjugate  exists. 

The  case  when  there  is  a  zero  in  close  proximity  to  a  pole  is  of  particular  interest.  Say,  there 
is  a  zero  at  s  =  Zj ,  close  to  the  pole  at  p l  .  The  factor  in  (p  j  —  Zj)  in  (2.15),  will  be  small  or 
negligible  and  so  too  will  be  the  residue  r  j .  This  useful  result  will  be  employed  in  different 
contexts  later.  (To  confirm  this  observation,  try  evaluating  the  residues  when  the  zero  at 
s  =  -1  in  the  transfer  function  G(s)  of  Example  6  is  replaced  by  one  at  s  =  -2.01.) 

The  special  case  of  multiple  poles  at  any  location  is  not  considered  here;  see  [1]  or  [2], 

2.5.2  A  simple  check  on  values  of  the  residues 

The  following  result  assists  in  the  calculation  -  or  in  checking  the  calculation  -  of  residues. 
Let  us  multiply  out  the  right-hand  side  of  (2.14),  i.e. 


G(s) 


I'l(s-p2)(s-p3)...(s-pn)  +  r2(s-pl)(s-pi)...(s-pn)  +  ... 

(s-pl)(s-p2)...(s-pn) 


(2.16) 


where  ri  =  Kj.  The  numerator  term  of  (2.16)  is  thus 

Yl  —  1 

(r1  +  r2+...+r)i  +  [lower  order  terms  in  s] . 


(2.17) 


The  order  of  the  denominator  is  n.  Hence,  if  the  order  of  the  numerator  is: 


yi _  | 

*  one  less  than  the  denominator,  i.e.  m  =  n  —  1 ,  the  coefficient  of  s  must  be 


n 


i  =  1 

yi _  1 

*  two  or  more  less  than  the  denominator,  the  coefficient  of  s  vanishes,  i.e 


n 


I  ri  =  o. 


i  =  1 

What  can  you  say  when  m  =  n? 


2.6  Modes  of  Response 

Let  us  examine  the  response  of  a  plant  to  a  step  input.  If  U(s)  is  a  unit  step  input,  i.e. 
U(s)  =  1  /s ,  then  the  response  L(s)  is 
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This  can  be  expressed  in  partial  fraction  form  as: 


Y(s) 


*1 

s~Pi 


s-p2 


s-p 


n 


(2.19) 


Using  a  table  of  inverse  Laplace  transforms  yields  the  time  response  to  the  step  input, 

y(t)  =  K0  +  KlePlt  +  K2eP2t+ . +  K.y*‘ .  (2.20) 


Note  that 

•  the  response  y(t)  comprises  a  steady-state  component  K0  and  transient  terms;  K(j  is 
the  response  after  all  the  transients  components  have  decayed  away; 

•  Kj,  i  >  0 ,  is  the  amplitude  at  time  zero  of  the  transient  terms,  K iePit ; 

•  if  the  input  step-size  were  increased  by  a  factor  A,  all  the  terms  in  (2.19)  and  (2.20)  are 
multiplied  by  the  same  factor; 

•  the  form  of  the  transient  response  y(t)  is  determined  by  the  n  roots  of  the  character¬ 
istic  polynomial,  Q(s) ,  or  by  the  n  poles  of  G(s) . 

•  if  pl  and  p2  are  a  complex-conjugate  pole  pair,  i.e.  p2  =  p{* ,  then  the  associated  res¬ 
idues  are  also  a  complex-conjugate  pair,  K2  =  K^* . 

For  the  present  time,  assume  all  roots  of  Q(s)  have  negative  real  parts.  In  general,  there  will 
be  real  and  complex  roots  of  Q(s)  of  the  form, 

p  ■  =  at  for  the  /th  real  root, 

and  pk  =  ak -j (Ok  and  pk+l  =  0-k  +  j a>k  for  the  complex  pair  k,  k+  1  . 

Associated  with  each  real  root  p{  =  af,  there  is  a  term  in  the  partial  fraction  expansion 

K/(s  -  a-) . 

Taking  the  inverse  transform  of  the  latter  term,  as  in  (2.19)  -  (2.20),  results  in  a  term  in  the 
time-domain  response  K  e0'1 .  If  a;-  is  negative,  this  response  is  a  monotonically,  exponential- 

ly-decaying  mode  . 

Likewise,  for  the  complex  pair,  pk  =  ak~jmk  and, pk+i  =  ak+jtok  there  are  terms  in  the 
partial  fraction  expansion  of  the  form 


1.  See  a  note  on  the  term  ‘mode’  in  Section  3.5.2. 
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K, 


K'i 


■ ,  where  Kk  and  Kjf  are  complex  conjugates. 


s-(ak-jo)k)  s-(ak+j(Qk)'- 
Correspondingly,  there  will  be  a  term  in  the  time-domain  response  of  the  form 


Aeakt  sin((i>kt  +  (j)^) .  If  ak  is  negative,  this  response  is  an  oscillatory,  exponentially-decaying, 
sinusoidal  mode.  In  power  systems  analysis  the  term  “mode”  usually  refers  to  a  broader  set 
of  properties  that  characterize  the  physical  behaviour  of  the  natural  system  responses.  Other 
modal  characterisations  include  whether  it  is  an  electro-mechanical  mode,  for  example,  or  a 
controller  mode,  etc. 


The  significance  of  the  above  analysis  is  that  it  reveals,  by  a  simple  examination  of  the  poles 
of  the  transfer  function,  the  nature  of  the  transient  response  in  the  time  domain.  The  real 
part  of  the  pole,  ak ,  measured  in  Neper/ s  (Np/ s),  indicates  how  rapidly  the  modes  in  the 
response  decay  away.  The  imaginary  part,  cm ,  of  a  complex  pole  pair  is  the  frequency  in  rad / 
s  of  the  damped  sinusoidal  oscillation.  These  results  provide  another  valuable  short-cut  in 
linear  analysis:  there  is  no  need  to  solve  the  differential  equations  to  determine  the  nature  of  the 
transients  in  the  response. 

Let  us  illustrate  some  of  the  important  concepts  outlined  above  by  means  of  examples.  They 
are  intended  to  provide  some  useful  insights  into  the  dynamic  behaviour  of  systems. 

Example  7 

In  the  following  cases,  find  the  time-response  of  the  plant  to  a  step  input  of  magnitude  A 
units. 


Case  1.  The  plant  is  described  by  the  second-order  differential  equation 

P~y(t)  +  5py(t)  +  6y(t)  =  6pu(t)  +  6u(t) , 
where  u(t)  and  y(t)  are  the  input  and  output  signals,  respectively. 


Assuming  initial  conditions  are  all  zero,  the  plant  transfer  function  is  found  by  replacing  the 
differential  operator  p  by  the  Laplace  operator  s,  i.e. 

I(£l  =  =  6(^  +  1)  6(s+l) 

U(s)  ()  s2  +  5s  +  6  (s  +  2)(s  +  3)' 


For  a  step  input,  U(s) 
i.e. 


Y(s) 


A/ s  .  The  response  can  be  found  using  a  partial  fraction  expansion, 


G(s)U(s) 


6A(s  +  1)  =  A  |  3A  4 A 

s(s  +  2)(s  +  3)  s  (s  +  2)  (5  + 3)' 


Note  that  the  sum  of  the  residues  in  this  case  is  zero  since  ( n  -  m  >  2) .  Using  the  inverse 
Laplace  transform  tables,  the  response  in  the  time  domain  is  found  to  be 
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-It  -3 t 

Note  that  the  coefficients  of  the  modes  e  and  e  ,  3A  and  4A  respectively,  are  the  initial 
amplitudes  of  the  transient  response  and  are  of  comparable  magnitude. 

Case  2.  Assume  that  the  zero  in  the  previous  plant  transfer  function  lies  at  s  =  —2  Np/s 

—2t 

instead  of  at  s  =  -1  Np/s.  The  coefficient  of  the  mode  e  is  then  zero.  (Note  that  the 
pole  at  s  =  -2  Np/ s  still  exists  in  the  plant;  this  aspect  is  considered  later.)  This  case  shows 
that  pole-zero  cancellation  causes  the  amplitude  of  mode  to  become  small  or  negligible. 
Pole-zero  cancellation,  or  close  cancellation,  is  sometimes  used  in  control  system  design. 

~2 1 

However,  it  should  be  used  with  caution  because  the  mode  e  “  is  then  only  partially  ob¬ 
servable  -  or  even  unobservable  -  in  the  output. 

Case  3.  Let  the  plant  transfer  function  be: 

E£L  =  G(s)  =  20  _  20 

U(s)  s2+12s  +  20  (s  +  2)(s  +  10) 

The  time  response  to  the  step  input  U(s)  =  A/s  is 

y(t)  =  A-1.25Ae~2t  +  0.25Ae~Wt. 

In  this  case  the  pole  at  s  =  —2  Np/s  is  much  closer  to  the  origin  of  the  complex  r-plane 

than  that  at  s  =  -10  Np/ s.  The  response  of  the  fast  mode  e  10?  at  a  time  equal  to  its  time 
constant,  i.e.  t  =  T  =  1/10  s,  is  about  37%  of  its  initial  amplitude  (see  Section  2.8.1).  The 

response  of  the  slow  mode  e  at  t  =  1/10  s  is  about  82%  of  its  initial  amplitude.  In  this 
case  the  contribution  to  the  overall  response  of  the  fast  mode  rapidly  diminishes  with  time. 
Thus  the  response  of  the  slow  mode  with  a  time  constant  of  1  /2  s,  dominates  until  it  itself 
decays  after  a  time  equal  to  four  time  constants  (2  s). 

Case  4.  Furthermore,  it  can  be  shown  that  the  initial  amplitude  of  the  response  of  the  fast 
mode  becomes  smaller  as  the  pole  at  s  =  -10  is  moved  further  into  the  left-half  of  the  s- 
plane  relative  to  the  location  of  the  pole  of  the  slow  mode.  For  example,  for  the  transfer 
function: 

HY)  =  200 

U(s)  (s  +  2)(s+  100)’ 

the  step  response  is  y(t)  =  A-\.Q2Q4Ae  “(  +  0.0204de  100f. 

Note  that  the  initial  amplitude  (0.0204T)  —  and  therefore  the  time  response  —  of  the  fast 
mode  is  almost  negligible  in  comparison  to  the  slower  mode. 
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Case  5.  Let  the  plant  transfer  function  be: 

r(j)  rr  N  20(j+ 1)  20(5+1) 

U{s)  [S>  /+Us  +  20  (s  +  2)(s  +  10) 

_2 1  -] 

The  time  response  to  the  step  input  is  y(t)  =  A  +  1.25 Ae  -  2.25 Ae 


Although  the  poles  in  this  case  are  the  same  as  those  in  Case  3,  the  initial  amplitude  of  the 

fast  mode  e  10?  is  relatively  much  larger.  Due  to  this  mode  the  overall  response  of  the  plant 
is  much  faster,  although  it  settles  in  a  time  determined  by  the  slow  mode. 

The  significance  of  the  results  illustrated  in  Cases  3  and  5  is  that  the  slower  modes  tend  to 
dominate  the  response.  Case  5  reveals  that  the  placement  of  a  zero  at  an  appropriate  position 
can  speed  up  the  response  of  a  sluggish  system.  In  this  case  the  location  of  the  zero  at 
s  =  -1  Np/s  relatively  close  to  the  pole  s  =  —  2  Np/s  diminishes  the  effect  of  the  slow 
mode.  This  concept  is  commonly  used  in  classical  control  system  design  for  speeding  up  the 
response  of  a  sluggish  system. 

Case  6.  The  plant  transfer  function  of  Case  1  is  modified  so  that  the  damping  ratio  of  its 
second-order  poles  is  less  than  one,  say, 

Y(s)  =  6(5+1)  =  6  (s  +  1 )  _ 6(5+1) _ 

s2  +  2s  +  6  (s  +  l)2  +  5  (5+  1  +j*/5)(s+  \-jS) 


There  are  a  pair  of  complex  poles  at  S[  2  =  -\+jj5.  The  response  to  a  step  of  magnitude 
A  results  in  the  following  partial  fraction  expansion 

T  (1+775)  (1-/75) 


F(s)  =  A 


s  2((s  +1)  +jj5)  2((s  +1)  -j  J5). 


Replacing  each  term  by  its  inverse  Laplace  transform,  we  find  the  closed-form  expression 
for  the  oscillatory  response  is: 


y(t)  =  A 


1  - 


(1  +/V5)e 


-(l+jj5)t 


q-iJ5)e 


-(l  -/«/5)r 


A  +  Ap  1 

J5 

'  J'fe1  -/«/5  A 

USt  +  e~j,rst\  ] 

l  J2  ) 

tN 

=  A+Ae  ?[V5sin(  J5t)  -  cos(  V5t)] 
=  A[  1  +  J6e~'sm(  Jlt-2A.\°)] 


2  2  2 

The  denominator  of  the  transfer  function,  s  +  2s  +  6  ,  is  of  the  form  s  +  2^a>ns  +  a>n  .  (The 
following  results  are  described  in  Section  2. 8. 2.1).  The  undamped  natural  frequency  is 
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(tin  =  J6  rad/s.  The  oscillatory  mode  thus  has  a  damping  ratio  £,  =  2/(2  J6)  =  0.41;  the 
damping  constant  is  -1  Np/s.  If  this  were  a  rotor  mode  having  a  frequency  of  oscillation 
of  J5  rad/s,  it  would  be  considered  well  damped. 

As  has  been  pointed  out  earlier,  the  form  of  the  mode  e  ?sin  (J~5  t-tp)  can  be  derived  by 
inspection  of  the  poles  of  the  transfer  function  without  having  to  solve  for  the  time  response 
to  a  step  input  of  the  system  described  by  the  second-order  differential  equation, 

(p2  +  2p  +  6)y(t)  =  6(p+l)u(t). 


Let  us  emphasize  some  important  results: 

•  The  response  to  an  input  of  a  linear  system  consists  of  a  steady-state  response  and  a 
transient  response. 

•  The  steady-state  term  bears  a  direct  relationship  to  the  input  function  (e.g.  doubling 
the  amplitude  of  the  input  signal  doubles  the  amplitude  of  the  response). 

•  The  transient  terms  are  determined  by  the  initial  magnitude  of  the  input  function  (at  time 
t( 0+).  However  the  transient  response  has  a  form  which  is  characteristic  of  the  system, 
and  may  by  identified  with  the  position  of  the  poles  of  the  transfer  function;  these  poles 
are.  the  zeros  of  the  characteristic  equation. 

•  The  concept  not  only  of  modes,  poles  and  zeros,  together  with  information  provided 
through  the  partial  fraction  expansion,  provide  important  engineering  short-cuts  for 
predicting  the  characteristic  response  of  the  plant  in  the  time  domain.  By  inspection  of 
the  factorised  denominator  of  the  plant  transfer  function  -  thus  revealing  the  pole 
positions  -  we  can  ascertain:  whether  the  plant  responses  will  contain  monotonic  or 
oscillatory  (i.e.  sinusoidal)  components,  how  rapidly  transients  decay  away,  and  the  fre¬ 
quency  of  any  oscillation. 

2.7  The  block  diagram  representation  of  transfer  functions 

Block  diagrams  are  a  very  convenient  way  of  communicating  knowledge  about  the  structure 
of  the  plant  and  its  control  system.  Typically,  a  block  diagram  contains  a  number  of  blocks 
that  represent  the  transfer  functions  of  elements  or  components  in  the  system.  Moreover, 
such  blocks  can  be  combined  or  eliminated  in  a  series  of  operations  that  reduce  or  modify 
the  system  to  a  form  that  is  amenable  to  analysis.  Both  the  basic  transfer  function  blocks 
and  the  operations  on  the  blocks  are  outlined  below. 
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(a)  C(s)  =  G(s)R(s) 


(b)  C2  =  °2V  =  G2Giri 


C1  =  CXR, 
C=  Ci±c2 


c2  =  c2r 
{Gx±G2)R 


Figure  2.3  (a)  The  basic  transfer  function  block,  (b)  Combining  blocks  in  series, 

(c)  Combining  blocks  in  parallel. 


Assume  the  input  to  a  block  such  as  that  in  Figure  2.3(a)  represents  the  transfer  function  of 
system  elements  that  have  high  input  impedances  and  negligible  output  impedances  (i.e. 
there  is  no  loading  by  the  elements).  Figure  2.3(b)  shows  that  the  cascading  of  two  or  more 
blocks  can  be  represented  by  a  single  block  whose  transfer  function  is  the  product  of  the 
individual  transfer  functions,  G2(s)Gj(s).  Likewise,  in  Figure  2.3(c)  it  is  demonstrated  that 
blocks  in  parallel  can  be  represented  by  the  sum  or  difference  of  the  individual  transfer  func¬ 
tions,  Gj(s)  ±  G2(s).  These  building  blocks  form  the  basis  for  the  analyzing,  manipulating 
or  reducing  block  diagrams  representing  more  complex  systems. 


A  transfer  function  of  particular  interest  is  that  representing  a  closed-loop  control  system 
with  negative  feedback  as  shown  in  Figure  2.4.  A  purpose  of  the  automatic  control  of  stable 
closed-loop  systems  is  to  minimise  the  error  E(s) ,  i.e.  the  difference  between  the  input  and 
feedback  signals,  so  that  the  output  signal  C(s)  aligns  closely  with  the  reference  input  R(s) . 
In  the  following  the  transfer  functions  G(s) ,  H(s),  Cf(s)H(s)  and  fV(s)  are  known  as  the 
forward-loop,  feedback-loop,  open-loop  and  closed-loop  transfer  functions,  respectively. 


Figure  2.4  The  elements  of  the  basic  closed-loop  control  system,  IV(s). 
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The  relation  between  the  error  signal  and  the  output  and  reference  signals  are: 

C(s)  =  G(s)E(s)  ,  E(s )  =  R(s)-H(s)C(s). 

Eliminating  the  error  signal  and  rearranging  the  terms,  the  closed-loop  transfer  function  is 
found,  i.e. 

W(s)=  C(s)/R(s)  =  G(s)/[l  +  G(s)//(.s)].  (2.21) 

This  result  is  basic  to  the  analysis  of  closed-loop  control  systems  and  is  referred  to  frequently 
in  the  following  sections  and  chapters. 


2.8  Characteristics  of  first-  and  second-order  systems 

In  an  earlier  section  we  noticed  that  the  poles  of  the  system  determined  its  modes  -  and  thus 
the  form  of  the  transient  response.  We  will  now  examine  how  the  pole  locations  determine 
the  characteristics  of  that  response.  It  is  important  to  note  that,  by  understanding  the  nature 
of  the  transient  responses  for  simple  first-  and  second-order  systems,  it  is  possible  to  predict 
the  characteristics  of  the  dynamic  behaviour  of  higher-order  systems. 


2.8.1  First-order  system 

The  transfer  function  of  the  first-order  system  has  the  forms: 


(2.22) 


F(s)  la.  1 

777~  =  - - -  =  -  where  a  =  - ; 

U(s)  1  +  sT  s  +  a  T 

T  is  called  the  time  constant  of  the  system,  U(s)  and  Y(s)  are  its  input  and  output  signals, 
respectively. 


The  response  to  a  step  input,  U(s)  =  A/s  ,  is  7(s) 


a 


s  +  a  s 


1  1 


5  + 


or  y(t)  =  A(l-e~at).  (2.23) 

The  time-domain  response  y(t)  is  shown  if  Figure  2.5.  Note  the  following  important  prop¬ 
erties  of  the  first-order  system: 


At  a  time  t  equal  to  the  time  constant,  t  =  T  =  l/a ,  the  term  Ae~at  in  the  above 
response  is  Ae~at  =  Ae~a^a  =  Ae~l  =  0.368 A  ,  i.e.  this  term  has  decayed  to  36.8%  of 
its  initial  value,  Ae~a,\t  =  0  =  A.  The  value  of  the  response,  however,  is 
y(t  =  T)  =  0.632^4  ,  i.e.  63.2%  of  its  final  value. 


1 

After  a  time  equal  to  four  time  constants,  the  response  y(t)  lies  within  2%  of  the 
final  value,  A  units,  i.e.  in  effect,  the  transient  response  Ae~at  has  completely  decayed 
away.  This  time  is  known  as  the  “2%  settling  time”,  f  =  AT .  Similarly,  a  “5%  settling 
time”  is  often  quoted  for  which  ts  =  3  T . 


1.  Actual  value  at  four  time  constants  is  1.83%;  for  three  time  constants  it  is  4.98%. 
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From  the  denominator  of  (2.22)  we  note  there  is  a  real  pole  at  s  =  -a  Np/ s.  The  associated 
term  in  the  transient  response  is  Ke~at .  Thus  a  real  pole  is  associated  with  an  exponentially 
decaying  mode  in  the  response  if  -a  is  negative. 


Figure  2.5 


Time  response  of  a  first-order  system  to  a  step  input  of  magnitude  A  units. 


2.8.2  The  second-order  system 

2. 8.2. 1  The  characteristics  of  the  second-order  system 

The  typical  form  of  the  differential  equation  of  a  second-order  system  is: 

( p1  +  alp  +  aQ)y(t )  =  b0u{t). 


Having  taken  the  Laplace  Transform  and  assuming  zero  initial  conditions,  we  can  express 
the  transfer  function  in  the  following  two  forms: 


Y(s)  =  bo  = 

U(s)  s2  +  a{s  +  a0  s2  +  2^a>ns  +  to2 


(2.24) 


The  second  form  is  the  ideal  or  classical  form  of  the  second-order  transfer  function  which 
has  complex  poles.  The  parameters  E,  and  co;7  in  (2.24),  and  associated  quantities  marked  as 
important  (*),  are  defined  below: 

*  *  co;)  is  the  undamped  natural  frequency  (rad/s),  <s>n  =  Joq  ; 

•  *  E,  is  the  damping  ratio,  0  <  ^  <  1  ;  ^  =  a l/ (2ro;j) . 


The  poles  of  the  above  transfer  function  are  complex  when  0  <  ^  <  1  and  are  of  the  form 
Sj  ,  =  a±/e>rf  where 
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•  *  corf  (rad/s)  is  the  frequency  of  the  damped  oscillations  in  the  transient  response, 

•  *  a  is  the  damping  constant  {Neper/s),  and 

•  *  the  relation  between  radian  frequency  and  frequency /in  Hertz  (Hz)  is  ro  =  2  nf. 

The  characteristic  equation  for  the  system  of  (2.24)  is 

s2  +  2^co ns  +  co2  =  0  ,  with  roots  sx  2  =  -£co„  ±  J(t,®n)2  -  co2  . 

Since  the  damping  ratio  lies  in  the  range  0  <  ^  <  1  the  complex  poles  of  the  second-order 
transfer  function  are: 

•*1,2  =  a  ±J(0d  =  -^n  ±7'ro„Vl  -^2  •  (2.25) 

Based  on  the  above  definitions  the  frequency  of  the  damped  oscillations  and  the  damping  con¬ 
stant  are  given  by  a>d  =  a>nJ  1  -  i2  rad/s  and  a  =  ~^(£>n  Np/s,  respectively.  Solving  for  E, 
from  the  latter  two  relations  it  is  found  that  the  damping  ratio  is: 

£,  =  -a/(Ja2  +  a>d)  «  -a/cod  if  a<0.3corf. 


The  time-domain  response  of  the  second-order  transfer  function  (2.24)  to  a  step  input  of 
magnitude  A  units  is: 


7(.) 


co 


2 

n 


s2  +  2^atns  +  co2 


A 
s  ' 


The  associated  time  response  consists  of  two  terms,  the  steady-state  term  of  value  A  and  a 
transient  component  (an  exponentially  decaying  sinusoid);  it  is: 

A 


y(t)  =  J- 


■  sin(co/  +  ()>) ,  0  <  i;  <  1 , 


(2.26) 


where  cos  4> 


\  and  sin 


=  7i  -  . 


It  is  often  useful  to  refer  to  the  characteristics  of  the  step  response  of  the  ideal  second-order 
system  with  a  complex  pole  pair.  The  damped  oscillatory  response  is  shown  in  Figure  2.6  in 
which  some  meaningful  measures  that  characterize  the  response  are  defined. 
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Figure  2.6  Characteristics  of  the  response  to  a  unit  step  input  of  the  ideal  second-order 

system  with  a  complex  pole-pair. 

The  frequency  in  Hertz  of  the  damped  oscillation  is:  fd  =  oV  (2n)  Hz. 

The  period  of  the  oscillation  is:  tj-  =  l/fd  =  2n/<s>d  s. 

The  time  to  thefirst  peak  is  1  /2  of  the  period:  t  =  n/(od  =  K/(a>nJl  —  £2)  s. 

For  a  unit  step  input  the  peak  overshoot  occurs  at  t=t  and  is: 

mq  =  y(tp)  —  1  =  ea‘p  = 

As  already  stated,  the  settling  time  ts  is  the  time  for  envelope  to  decay  to  a  value  of  2%  (ac¬ 
tually  1.8%)  of  the  final  value  of  y(t)  and  is  equal  to  four  time  constants: 

i.e.  ts  =  -4/a  =  4  /(£oon)  s.1 

The  useful  reference  family  of  normalised-time  responses  for  a  step  input  is  shown  in 
Figure  2.7  for  values  of  E,  between  0.1  and  1.  The  figure  can  be  interpreted  as  follows.  If, 
say,  k>;!  =  1  rad/ s  and  £,  =  0.1  then  the  first  peak  in  the  transient  occurs  at  3.2  s,  however, 
if  a>n  =  2  the  first  peak  is  reached  at  1.6  s,  etc. 


1.  A  5%  settling  time  is  equal  to  three  time  constants 
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-  %  =  0.10  -  0.15  -  0.20 

-  \  =  0.25  —  —  —  -  0.30  _  _  _  -  0.40 

- £  =  o.50  - 0.71  -  1.0 

Figure  2.7  Response  of  the  second-order  transfer  function  to  a  unit  step  input  as  a  func¬ 
tion  of  normalised  time,  to t,  for  damping  ratios  between  0.1  and  1. 

2. 8.2.2  Implications  for  the  dynamic  performance  of power  systems 

Certain  electro-mechanical  modes  of  oscillation,  associated  with  the  rotors  of  generators,  are 
typically  complex  and  lightly  damped  and  of  the  form  a±/tt>rf.  The  important  features  of 
these  modes  to  which  frequent  reference  will  be  made  are  listed  in  Section  2. 8. 2.1. 

In  the  analysis  of  power  system  dynamic  performance  the  damping  ratio,  £,  ,  is  used  in  sev¬ 
eral  contexts,  e.g.  a  criterion  for  the  dynamic  performance  of  the  system  is  that  the  damping 
ratio  for  all  rotor  modes  should  be  better  than,  say,  0.05  (or  5%).  For  the  second-order  trans¬ 
fer  function  given  in  (2.24),  the  complex  poles  a±y'(orf  vary  as  shown  in  Figure  2.8  for  ^  >  0  . 
A  line  of  constant  damping  ratio  makes  an  angle  (|>  with  the  negative  real  axis  such  that 
£,  =  cos(|>.  Note  that  the  loci  of  the  poles  in  the  complex  r-plane  is  along  a  semi-circle  of 
radius  ton  .  The  nature  of  the  time-domain  response  for  a  mode  located  on  the  semi-circle 
can  be  ascertained  directly  by  inspection. 
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Figure  2.8  Trajectory  of  the  complex  poles  of  the  second-order  transfer  function,  (2.24), 

for  the  damping  ratio  i;  >  0  . 


2.9  The  stability  of  linear  systems 

A  plant  or  a  system  is  described  by  a  mathematical  model  such  as  a  «th  order  differential 
equation  or  transfer  function.  If  the  system  is  passive  there  is  no  internal  source  of  energy. 
A  bounded  input  signal  is  the  only  available  source  of  the  energy  to  provide  the  energy  nec¬ 
essary  in  the  output  signal;  moreover,  some  of  the  input  energy  may  be  dissipated  internally 
within  the  system.  Such  a  system  is  inherently  stable  since  the  output  must  also  be  bounded. 
A  system  is  defined  as  stable  if  a  bounded  input  always  produces  a  bounded  output. 


In  an  active  system  there  is  an  internal  energy  source  from  which  the  energy  contained  in 
the  output  signal  is  derived.  In  this  case  the  possibility  of  a  bounded  input  producing  an  un¬ 
bounded  output  exists.  Such  a  system  may  therefore  be  unstable. 


We  saw  earlier,  for  linear  systems,  that  the  response  consists  of  a  steady-state  and  a  transient 
component.  If  the  system  is  to  be  stable  all  transient  terms  must  decay  to  zero.  For  this  to 
occur,  we  noted  in  the  examination  of  the  modes  for  first  and  second  order  system  that  the 
real  part  a  of  the  mode  must  be  negative.  Thus  for  a  system  to  be  stable,  the  poles  of  the 
transfer  function  -  or  the  roots  of  the  characteristic  equation  (2.13)  -  must  all  have  negative 
real  parts.  An  alternative  way  of  stating  the  same  result  is:  for  stability,  all  the  poles  of  the 
transfer  function  must  lie  in  the  left-half  of  the  complex  s-plane. 


If,  in  the  characteristic  equation,  the  real  part  of  a  complex  pair  of  poles,  sk  =  ak  —j (Ok  and 

sk  + 1  =  ak  +JG>k  is  positive  (  >  0  ),  the  pair  lies  in  the  right-half  of  the  t-plane.  The  asso¬ 

ciated  instability  is  manifested  in  a  term  in  the  time  response  which  is  an  exponentially  in- 
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creasing  sinusoid.  A  similar  result  applies  to  a  first  order  pole,  i.e.  an  exponentially  increasing 
response. 

If  any  poles  lie  on  the  imaginary  axis,  all  others  being  in  the  left-half  of  the  s-plane,  the  sys¬ 
tem  is  said  to  be  marginally  stable.  However,  in  practical  linear  control  systems  it  is  not  pos¬ 
sible  to  locate  and  maintain  poles  exacdy  on  the  imaginary  and  therefore  marginal  stability 
is  of  academic  interest  only. 

2.10  Steady-state  alignment  and  following  errors 

One  reason  for  the  use  of  closed-loop  control  systems  is  to  automatically  control  the  output 
of  a  system  to  align  with  a  reference  input  or  a  set-point  as  closely  as  possible.  If  the  refer¬ 
ence  is  fixed,  i.e.  set  to  a  constant  value,  the  difference  between  the  set-point  and  the  con¬ 
trolled  output  in  the  steady-state  is  called  the  alignment  error.  However,  the  reference  input 
may  be  time  varying;  in  this  case  it  is  necessary  for  the  controlled  output  to  track  or  follow 
the  reference  as  closely  as  possible.  In  order  to  assess  how  well  a  closed-loop  control  system 
aligns  with  -  or  follows  -  a  reference  input  a  set  of  test  reference  signals  is  devised  that  pro¬ 
vides  a  measure  of  the  quality  of  system  performance.  These  tests  signals  are  analysed  in  the 
following  sections. 

The  steady-state  value  of  a  time-varying  signal  x{t) ,  i.e.  its  value  after  all  oscillations  associ¬ 
ated  with  any  transients  have  died  away,  xss ,  can  be  derived  from  the  final-value  theorem 
(FVT),  i.e. 

x  =  lim  x(t)  =  lim  sX(s).  (2.27) 

/  — >  00  s  — » o 

From  this  result  the  steady-state  value  of  the  output  of  a  system,  the  alignment  and  following 
errors  for  a  given  test  reference-input  can  be  determined. 


The  closed-loop  control  system  under  study  is  shown  in  Figure  2.9,  where  C(s)  is  the  con¬ 
trolled  output  signal,  R{s)  is  the  reference  input  signal  and  the  error  signal  is 
E(s)  =  R(s)  -  H(s)C(s) .  With  forward-loop  and  feedback-path  transfer  functions  G(s) 
and  H(s) ,  respectively,  the  transfer  function  of  the  closed-loop  system  of  Figure  2.9  has 
been  shown  in  (2.21)  to  be 


W(s) 


C(s) 

R(s) 


G(s) 

1  +  G(s)H(s) ' 
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R(s) 


E(s ) 


G(s) 


C(s) 


ms) 


Figure  2.9  Block  diagram  of  the  classical  closed-loop  system 


2.10.1  Steady-state  alignment  error. 

The  response  of  the  closed-loop  system  to  a  step  change  in  the  reference  input  is  shown  in 
Figure  2.10.  Under  steady-state  conditions  following  the  change  in  the  reference  input  r(t) , 
the  steady-state  output  cs s  may  not  be  equal  to  the  constant  value  of  the  reference,  r  . 
Based  on  the  final  value  theorem  the  steady-state  alignment  error  eass  is  defined  as: 


eass  =  r„-C«  =  limn 
s  ->  0 


r  R 


—  -  W(s)~1 
s  s 


,  where  C(s)  =  W(s)R(s) . 


(2.28) 


Figure  2.10  The  steady-state  alignment  error  ea<,s  following  a  step  input. 


Thus  from  (2.28)  a  general  result  for  the  alignment  error  follows,  i.e. 

liran  V1-^)]- 

s  — >  0 


(2.29) 


In  the  following  we  will  derive  the  alignment  errors  for  a  unity-feedback  closed-loop  system, 
i.e.  when  H(s)  =  1.  In  the  case  of  a  closed-loop  system  in  which  the  feedback  back  is  not 
unity  gain,  the  alignment  errors  can  be  derived  by  using  the  general  result  (2.29)  or  by  direct 
application  of  the  final  value  theorem.  Let  us  consider  two  special  cases  for  the  unity-feed¬ 
back  system,  namely  without  and  with  integration  in  the  forward  path. 
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2. 10. 1. 1  (a)  No  integration  in  the  forward  path,  H(s)=l. 


K{\  +sTbl)(l+sTb2)... 

Let  us  assume  G(s)  takes  the  form  G(s)  =  - - - . 

(i+,ral)(i  +  cal,  +  ca25  )... 


In  the  steady-state  following  a  transient,  G(s )  — >  K  as  s  — »  0  .  Note  the  form  of  the  factors 
(1  +  sT)  -  not  (s  +  a)  -  in  the  transfer  function  is  important;  with  no  integration  in  the  for¬ 
ward  path  the  gain  K  is  often  called  the  static  gain.  According  to  (2.29)  the  associated  align¬ 
ment  error  is 


eass  =  limn  ^ot1-^))  =  limn  R0 
s  ->■  0  s  ->  0 


1  - 


G(S) 


1  +G(s)  ■  1J 


i.e.  =  lim  R 


1 


o  uLl  +  G(T)J 


e„„„  =  R 


1 


ass  0  j  ’ 


(2.30) 

(2.31) 


since  G(s)  — >  K  as  s  — »  0  . 


The  result  in  (2.31)  provides  a  very  useful  insight,  namely,  the  higher  the  static  gain  K  the 
smaller  is  the  alignment  error.  However,  there  is  a  downside  to  high  gain  settings  without 
suitable  compensation,  i.e.  the  dynamic  performance  of  the  closed-loop  system  may  become 
more  oscillatory  and  even  unstable.  The  latter  effect  will  revealed  through  the  analysis  of  the 
stability  and  performance  of  the  closed-loop  system  using  the  Bode  plot  in  Section  2.12.2. 


2. 10. 1.2  (b)  Single  integration  in  the  forward  path,  H(s)=l. 


In  this  case  G(s)  takes  the  form  G(s)  =  — 


(i+srM)(i+*rM)... 


Let  s  — »  0  . 


5  Hl+sTal)(l+sCal  +  Ca2s'-).J 
then  G(s)  — >  K/ s  .  Substitute  this  limit  for  G(s)  in  (2.30)  above;  the  steady-state  error  is  thus 


eass  =  Hmn 
•s  ->  0 


R 


1 


°i  +  - 
s 


=  lim 

•s  ->  0 


R 


s+K 


=  0. 


This  is  a  very  useful  result;  it  shows  that  a  single  integration  in  the  forward  path  “integrates 
out”  to  zero  any  error  e(t)  that  develops  between  the  reference  input  and  the  controlled 
output.  If  there  is  no  integration  in  the  forward  path  the  introduction  of  proportional  plus 
integral  (PI)  compensation  [1],  [2]  into  that  path  ensures  zero  alignment  error  in  the  steady 
state.  This  is  highly  desirable  in  some  types  of  closed-loop  control  systems,  however,  like  the 
case  above,  there  is  a  disadvantage.  For  example,  introduction  of  pure  integration  1  / s  also 
introduces  a  phase-lag  of  90°  in  the  open-loop  transfer  function.  In  turn,  the  Phase  Margin 
is  reduced,  and  consequently  the  closed-loop  system  may  become  unstable.  This  is  discussed 
in  Section  2.12.2. 
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2.10.2  The  steady-state  following  error 

A  test  reference  input  of  a  suitable  form  for  defining  the  following  error  is  the  ramp  signal, 
r(t)  =  Rq  ■  t .  Based  on  the  final-value  theorem  the  steady-state  following  error  e^ss  is  given 
by: 


efss  =  lim  [K0-c(01 

J  t  -»  00 


lim  ^  — 

j-»0  Ls- 


W(s) 


Ron 
s2  J 


or 


efss=  lim  ^[l-JF(s)].  (2.32) 

j  -» o  s 

This  is  a  general  result  for  the  following  error.  However,  let  us  again  consider  a  unity- feed¬ 
back  system  and  two  special  cases,  without  and  with  integration  in  the  forward  path. 


2.10.2.1  (a)  No  integration  in  the  forward  path,  H(s)=l. 


Assume  G(s)  again  takes  the  form  G(s) 


K{\+sTbl){\  +  sTb2)... 


■ .  In  the  steady- 


(i+*ral)(i+*cal  +  cfl2*  )... 

state  following  the  decay  of  the  transient  we  find  G(s )  — >  K  as  s  — »  0  .By  substitution  of 
this  limit  in  (2.32),  the  following  error  becomes 


Ror 

efSS  =  lunn  t  1  - 

J  s->0  *  L 


G{s) 


efss  ;To  s+sk 


=  lim 


r  1° 

1  +  G(s)  ■  1 J  5 

fss 


1 


1  +  G(s)_ 


,  i.e.  e ->  oo  . 


(2.33) 

(2.34) 


The  result  reveals  that  the  following  error  becomes  increasingly  large  with  time;  the  latter  is 
illustrated  in  Fig.  2.11.  The  controlled  output  thus  cannot  follow  a  reference  input  that 
changes  linearly  with  time.  Such  a  closed-loop  system  cannot  track,  for  example,  a  satellite 
passing  overhead. 


2.10.2.2  (b)  Single  integration  in  the  forward  path,  H(s)=l. 

As  shown  in  Section  2.10.1.2  above,  G(s)  — »  —  as  s  — »  0  .  Substitution  for  G(s)  in  (2.33) 
above  yields  a  following  error  given  by: 


R, 


fis 


1 


1+£ 

s  J 


=  lim 

s->0 


R 


o 


R 


o 


s  +  K  K 


(2.35) 


Thus  after  any  oscillations  have  died  away  following  the  application  of  the  ramp,  there  is  a 
constant  difference,  or  error,  between  the  ramp  input  and  the  controlled  output  given  by 
(2.35),  as  illustrated  in  Figure  2.11. 
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Figure  2.11  The  following  error  e,ss  resulting  from  a  ramp  input. 


Exercise.  Show  that  if  the  forward-loop  transfer  function  G(s )  in  a  unity  feedback  system 
contains  two  integrations,  the  following  error  for  a  ramp  reference  input  is  zero,  but  is  finite 

2 

for  a  parabolic  input  r(t )  =  RQt  /2. 


Example  8 

A  unity  feedback  system  has  a  forward-loop  transfer  function: 

G(s)  =  £'(5  +  2)/[5(5  +  5)(s+  10)] . 

Find  the  value  of  the  gain  K'  such  that  the  steady-state  following  error  e^ss  <  0.01  units  for 
a  ramp  input  of  2  unit/ second. 


Change  the  factors  in  G(s)  into  the  form  ( 1  +  sT),  i.e 

1  +  0.5^ 


G(s)  =  K- 


5(1  +0.2j)(1  +0.15) 

In  order  to  satisfy  the  specification,  the  error  e^ss 
K'  >  5000  . 


,  where  the  ‘static’  gain  is  K 


2  K 
50 


R 


-2  =  |  <  0.01 ,  i.e.  K>200,  or 
K  K 


2.11  Frequency  response  methods 

The  purpose  of  this  section  is  to  outline  briefly  frequency  response  methods  of  analysis  and 
to  provide  insight  and  understanding  of  those  features  of  the  analysis  that  are  relevant  to 
power  system  dynamics  and  control. 

In  frequency  response  analysis  the  injected  frequency  will  be  represented  by  ay  (rad/ s)  rath¬ 
er  than  by  cb  -  which  will  refer  to  rotor  speed  in  later  chapters. 
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Frequency  response  methods  assume  that  a  sinusoidal  signal  of  constant  amplitude  is  ap¬ 
plied  to  system.  That  is,  when  a  signal  r(t)  =  d  sin  ay  of  frequency  ay  (rad/s)  is  injected 

into  the  system  G(s ) ,  a  steady-state  sinusoidal  signal  y(t )  of  the  same  frequency  appears  at 
the  output  after  the  transient  terms  have  died  away.  In  the  Laplace  domain  the  response  of 
the  system  is 

1X0  =  G(s)U(s), 

where,  for  a  sinusoidal  signal,  U(s)  =  Aa>y/(s~  +  ay“).  The  response  is  thus 


Y(s)  =  G(s)  A 


a>. 


2  ,  2' 
S  +(°f 


Forming  the  partial  fraction  expansion  as  described  in  Section  2.5,  we  find 


dG(/oy)  AG(-j  ay) 

V(s)  =  — - 


terms  of  the  form 


2j(s  -/ay)  (~2j)(s  +yay)  K/(s-p t) 


where  p{  are  the  poles  of  G(s)  and  are  their  residues. 


Taking  the  inverse  Laplace  transforms,  the  time-domain  response  is 

transient  terms  which 
tend  to  zero  as  t  — »  co 


AG(ja>A  j(n  t  AG(-ja>A  -jwj 
y(t )  =  — y  + - -i-e  ’  + 

2 7  -2 J 


(2.36) 


,  ,  /^(coO  ,  ,  -/<b(©/) 

Let  G(/'a>y  =  G(/oy)|e  and  G(-yaiy)  =  |G(-ya))|e  ,  where  the  phase  angle  <|)  of 

G(/o>y)  is  a  function  of  frequency.  Following  substitution  for  these  terms  in  (2.36),  the  time- 

domain  response  tends  to 


y(  0 


A\G(jd y) 


e 


yf(<»/+<l>(o/))- 

2/ 


T  | G(/coy-)|  sin(roy  +  4>(a>y)) , 


after  all  transient  terms  have  decayed  away. 


Hence  y(t)  =  A  | G(/ay)  sin[a>y  +  yO/'ay)]  is  the  steady-state  response.  The  steady-state  out¬ 
put  y(t)  is  a  sinusoid  of  amplitude  A  |G(/oy)  with  phase  shift  (j )(/ay)  with  respect  to  the 
input  signal.  The ‘frequency  response’ of  G(s)  is  a  plot  of  |G(/ay)  and  (()(/' a>^)  as  o>y  (rad/s) 

is  varied  over  a  range  of  the  frequencies.  Typically  the  frequency  response  is  plotted  in  two 
forms,  the  polar  plot  and  the  Bode  plot;  we  shall  employ  the  Bode-type  responses  in  later 
chapters. 
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It  is  interesting  to  note  that  the  analysis  so  far  has  allowed  us  to  take  several  short-cuts.  First¬ 
ly,  G(s )  was  formed  by  replacing,  for  zero  initial  conditions,  the  differential  operator  p  by  s 
in  the  differential  equations  for  the  system.  Secondly,  the  frequency  response  is  obtained 
simply  by  replacing  s  by  joy  in  G(s ) . 

2.12  The  frequency  response  diagram  and  the  Bode  Plot 

The  following  treatment  of  the  Bode  Plot  contains  two  main  features,  firstly,  the  graphical 
plotting  of  the  frequency  response  and,  secondly,  its  application  to  the  determination  of  the 
stability  of  closed-loop  control  systems.  Although  the  frequency  response  plot  of  a  given 
transfer  function  is  readily  obtained  using  the  appropriate  software,  the  ability  to  visualise 
the  frequency  response  plot  is  a  very  useful  skill,  or  conversely,  to  deduce  the  form  of  a 
transfer  function  when  its  frequency  response  plot  is  presented.  By  understanding  the  basis 
of  the  frequency  response  plot  it  becomes  easier  to  carry  out  the  required  visualisation  or 
interpretation  expeditiously. 

For  the  analysis  of  stability  of  closed-loop  control  systems  the  frequency  response  plot  of 
interest  is  that  of  the  open-loop  transfer  function,  G(/ay)//(/ay) ,  where  G(s )  and  H(s )  are 
the  forward-loop  and  feedback-path  transfer  functions,  respectively,  shown  in  Figure  2.9. 
The  associated  log-magnitude  and  phase  responses  of  G(/ay)//(/ay)  are  known  as  the  Bode 

Plot  from  which  information  on  stability  can  be  deduced  -  subject  to  certain  conditions. 
Consequently,  the  following  is  a  brief  description  of  the  basis  of  techniques  not  only  for 
drawing  the  Bode  Plot,  but  also  for  interpreting  the  Plot  to  assess  both  the  margin  of  stabil¬ 
ity  of  the  closed-loop  control  system  and  its  dynamic  performance. 

The  system  is  excited  by  a  sinusoidal  signal  r(t)  of  unity  amplitude  and  frequency  ay  (rad/ 
s).  The  two  plots  of  the  Bode  diagram  are  both  plotted  as  a  logarithmic  function  of  frequen¬ 
cy,  log  ay.  The  first  plot  is  of  the  log  (on  base  10)  of  the  magnitude  (LM)  of  the  open- loop 

transfer  function,  i.e.  201og|G(/ay)//(/oy)|  in  dB;  the  second  plot  is  of  the  argument  ( Arg ) 
-  or  phase  -  (|>(/ay)  =  AG(/ay)//(/ay)  of  the  open-loop  transfer  function  in  degrees. 

It  should  be  noted  that  for  any  fairly  simple  transfer  function  the  frequency  response  can  be 
drawn  manually  using  the  graphical  technique  described  in  the  following  section. 

2.12.1  Plotting  the  frequency  response  of  the  open-loop  transfer  function 

Any  transfer  function  can  be  divided  into  a  number  of  basic  first-  or  second-order  factors 
which  form  the  numerators  or  denominators  of  the  element.  The  magnitude  and  phase  re¬ 
sponse  of  the  basic  factors  are  simple  to  derive  and  recall.  By  combining  the  responses  of 
the  factors,  the  overall  frequency  response  of  the  transfer  function  is  generated. 
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Any  transfer  function  (with  s  =  jtaf)  contains  factors,  F(j ay) ,  of  the  following  types  in  its 
numerator  or  denominator. 

FOcof)  =  F(s)  = 


(i) 

K 

from 

K ,  a  scalar  gain 

(ii) 

(juf)±n 

from 

s±» 

(iii) 

(1  +jvfTf" 

from 

(1  +sT)±m 

(iv) 

I'-eA-a" 

from 

jl+25—  +  ^1  P 

Note  the  forms  of  the  type  (iii)  and  (iv)  factors,  i.e.  the  polynomial  form  (1  +  sa  j  +  . . . ),  rather 
than  pole-zero  form  (s  +  a) . 


Example  9 

Find  log-magnitude  and  phase  of  the  open-loop  transfer  function: 


G(Ja)H(jw ) 


K 

./«/  1  +jmfT) ' 


The  log-magnitude  and  phase  responses  are: 

LM  =  20 log  | GH\  =  20 { log K  -  log  [/fflyj  -  log  1 1  +  yoy7] }; 
Arg(GLT)  =  Arg(K)-Arg(ja,f)-Arg(l  +j(ofT). 


This  example  demonstrates  that  multiplication  or  division  of  the  four  types  of  factors  be¬ 
come  addition  or  subtraction  of  their  log-magnitudes  and  of  their  phase  contributions.  This 
simplifies  analysis  because  it  involves  simple  addition  or  subtraction  of  the  component 
terms;  such  operations  are  the  basis  for  plotting  manually  the  frequency  response  of  transfer 
functions. 

Let  us  consider  the  log-magnitude  and  phase  plots  of  each  of  the  factors  F(j ay)  as  a  func¬ 
tion  of  log ay. 

2.12.1.1  (i)  A  factor  in  the  transfer  function  is  a  constant  gain  K. 

The  transfer  function  is  F(j cod  =  K,  and  the  associated  log-magnitude  and  phase  are: 
LM  =  201og  |AT|  and  ^(/©y)  =  0  if  K  >  0 ,  (or  =  180°  if  Ai<0)  respectively.  The 

magnitude  response  is  shown  in  Figure  2.12. 
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LM  (dB) 


201og/f 


(Horizontal  line) 


0.1  1  10  100  Frequency  (rad/s) 

Figure  2.12  Transfer  function  of  a  constant  gain  K 

Increasing  or  decreasing  the  gain  K  results  in  the  plot  of  201ogA!  moving  vertically  up  or 
down. 

2. 12. 1.2  (ii)  A  factor  in  the  transfer  function  contains  pure  differentiation  or  integration  of 
multiplicity  n 

The  transfer  function  is  of  the  form:  F(jc ry)  =  (/coti±n,  n  =  1,2,....  Differentiation  is  as¬ 
sociated  with  +n  and  integration  with  -n.  The  log  magnitude  of  the  transfer  function  is: 

LM  =  20  log  |(/C0y)~n|  =  ±20 w  log  ay  dB.  (2.37) 

This  asymptote,  when  plotted  against  log  ay ,  is  a  straight-line  having  a  slope 
±20/?  db/decade.  According  to  (2.37)  it  intersects  the  frequency  axis  when  LM  =  0  dB  at 
log  cry  =  0  ,  i.e.  at  ay  =  1  rad/ s.  The  phase  response  is  Arg[{j( jy)*”]  =  ±«90° ,  i.e.  it  is  a 

constant  for  a  given  n  over  the  entire  frequency  range.  The  log-magnitude  and  phase  re¬ 
sponses  are  plotted  in  Figure  2.13. 


Figure  2.13 


(a)  Magnitude  and  (b)  phase  responses  of  (/co) 


±n 


when  n—  1 


2. 12. 1. 3  (Hi)  A  factor  in  the  transfer  function  contains  a  real  pole  /  zero  of  multiplicity  n: 

The  transfer  function  is  of  the  form:  F(j(oJ)  =  ( 1  +j  a>jT)±n  ,  n  =  1,  2,  ....  Its  log  magni¬ 
tude  is: 
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LM  =  201og|T|  =  ±20/7 log ( 1  +  co2r2)1/2  dB.  (2.38) 

Consider  the  asymptotes  for  (a)  a  low  frequency  case  when  ayT  «  1 ,  (b)  a  high-frequency 
case  when  ayT  »  1  . 

(a)  a>fT«  1 ,  LM  =  ±20« log  1  =  0  dB.  This  low-frequency  asymptote  is  a  horizontal 
line  when  plotted  against  log  ay. 

(b)  (ofT»  1,  LM  =  ±20/7logffyT  =  ±20/7(logffy±  logT)  dB. 

This  log-magnitude  asymptote,  when  plotted  against  log  ay,  is  a  straight-line.  The  slope  of 

the  line  is  ±20/?  dB  for  each  decade  of  frequency  (i.e.  for  each  log  10  =  1  unit).  The  low- 
frequency  and  high-frequency  straight-line  asymptotes  of  the  log-magnitude  plots  are  shown 
in  Figure  2.14  for  zeros  (+«)  or  poles  (-«).  The  actual  plot  is  also  drawn  for  a  transfer  func¬ 
tion  1/(1  +  j(Oj-T)n  over  a  frequency  range  about  the  so-called  corner  frequency  tty  where 
the  high-  and  low-frequency  asymptotes  intersect;  ay  =  1  /T  rad/s.  The  differences  be¬ 
tween  the  actual  plot  and  the  straight-line  asymptotes  are  easily  remembered.  In  the  case  of 
multiple  poles  the  actual  log-magnitude  plot  is  3/7  dB  down  at  the  corner  frequency  and  n 
dB  down  at  an  octave  above  and  below  the  corner. 


Figure  2.14  Magnitude  response  for  a  real  pole  or  zero  of  order  n. 

Consideration  of  (2.38)  reveals  that  for  multiple  zeros  ( 1  +  joyT)"  the  actual  log-magnitude 

plot  and  the  straight-line  asymptotes  are  the  mirror  image  about  the  frequency  axis  of  those 
for  multiple  poles  as  shown  in  Figure  2.14. 


Consider  now  the  plot  of  the  phase  shift  <(>(/« y)  for  the  transfer  function  (1  +  j(OjT)±n  . 
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(a)  for 

ayT  «  1 : 

(j )  —  ±n  ■  atan(ayT  — »  0) , 

hence  4>  — »  0  ° ; 

(b)  for 

oyT  »  1  : 

4>  =  ±n  •  atanfayT  — >  oo) , 

hence  <[>  — >  ±«90° 

(c)  for 

oyT  =  1 

(corner):  (j)  =  ±n  •  atanl, 

hence  (|)  =  ±/;45 

The  phase  response  for  real  poles  of  order  n  is  shown  in  Figure  2.15.  A  straight-line  approx¬ 
imation  of  the  phase  response  is  employed  from  a  decade  below  the  corner,  phase  0° ,  to  a 
decade  above  the  corner  at  -«90  .  The  straight-line  approximation  to  the  response,  which 
passes  through  the  corner  frequency  at  -/i45°,  differs  at  most  from  the  actual  by 
5  to  6°  (for  n  =  1 )  over  a  decade  in  frequency  on  either  side  of  the  corner.  The  phase  re¬ 
sponse  for  multiple  zeros  is  the  mirror  image  about  the  frequency  axis  of  those  for  the  mul¬ 
tiple  poles  shown  in  Figure  2.15. 


Figure  2.15  Phase  response  for  real  poles  of  order  n. 

2. 12.1.4  (iv)  A  factor  in  the  transfer  function  contains  a  complex  pair  of poles  or  zeros  of  mul¬ 
tiplicity  n: 


±n 


f  ZCOA2  «y 

The  transfer  function  is  of  the  form:  F(i(o)  =  {  1  -  — H 

1  w 

The  frequency  responses  of  this  factor  for  a  single  pair  of  complex  poles  (/?  =  -1)  are 
shown  in  Figure  2.16  for  damping  ratios  0. 1  <  £,  <  1  .  The  responses  are  given  for  a  normal¬ 
ised  frequency  taJ  ay  ,  where  ay  is  the  undamped  natural  frequency.  The  straight-line  ap¬ 
proximations  which  can  be  employed  are  crude  and  therefore  the  more  accurate  plots 
shown  in  the  figure  are  used  as  templates  when  sketching  the  frequency  responses  of  com¬ 
plex  poles  or  zeros.  Note  that  for  a  single  pair  of  complex  zeros  the  magnitude  and  phase 
plots  are  those  shown  in  Figure  2.16  rotated  a  half-turn  about  their  respective  frequency  ax¬ 
es;  note  that  for  n  =  1  the  associated  phase  varies  between  zero  and  180°  . 
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-  5  =  0.10 

0.15 

-  0.20 

-  5  =  0.25 

- 0.30 

0.40 

■  5  =  0.50 

- 0.71 

-  1.0 

Figure  2.16  Magnitude  and  phase  responses  as  a  function  of  the  normalized  frequency 

ray/ an  for  a  pair  of  complex  poles. 


Example  10.  Lead  compensation 

Lead  compensation  is  often  employed  as  a  more  practical  form  of  derivative  compensation 
over  a  range  of  frequencies.  In  its  application  in  power  system  dynamics  and  control  it  is 
used  to  provide  phase  lead  over  a  desired  range  of  frequencies;  the  design  of  cascade  phase- 
lead  compensation  for  conventional  closed-loop  control  systems  is  covered  in  [1], 


The  form  of  the  lead  transfer  function  is  A 


1  +  ST 

Gld(s)  =  A  ^  ( — —  ,  where  A  is  an  adjusta- 


+  s(aT) 

ble  gain.  The  range  of  values  for  a  is  typically  0.1  <  a  <  1  when  the  transfer  function  is  im¬ 
plemented  using  analog  devices.  For  a  =  0.1  the  phase  lead  is  56°.  For  values  of  a  <  0.1 
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the  additional  phase  lead  provided  is  small.  For  example,  cascading  two  identical  lead  net¬ 
works  with  a  =  0.25  produces  the  same  maximum  phase  shift  as  a  single  lead  network 
with  a  =  0.025  . 


Figure  2.17  Frequency  response  for  a  lead  transfer  function. 

The  form  of  the  frequency  response  of  the  lead  compensator  is  shown  in  Figure  2.17;  the 
important  feature  of  this  response  is  the  phase  lead  introduced  by  the  compensator.  The 
maximum  phase  lead,  4>m ,  occurs  at  the  geometric  mean  of  its  corners,  (Om ,  where 


co 


m 


17  1/2 
TJ 


_  .  The  maximum  phase  lead 
Tot  T 


.  Note  that  at  to  the  log-magnitude  is  LM 


can  be  shown  to  be 


2.12.1.5  Exercise. 

Show  that  the  magnitude  and  phase  plots  of  the  lag  block, 

A-°^-AxT§r)  - 

are  those  shown  in  Figure  2.17  reflected  in  their  respective  frequency  axes.  It  is  a  practical 
form  of  integral  compensation  over  a  range  of  frequencies;  identify  that  range. 


Example  11.  Plotting  the  frequency  response 

It  is  often  useful  to  visualize  or  sketch  the  frequency  response  of  a  given  transfer  function 
based  on  the  straight-line  approximations  to  the  frequency  responses  of  the  component  fac¬ 
tors. 

Draw  the  straight-line  approximations  to  the  frequency  response  of  the  following  open-loop 
transfer  function  of  a  unity-feedback  control  system.  Show  both  the  straight-line  asymptotes 
and  the  actual  plot. 
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B(s) 


104 

s(s  +  10)0  +  100) ' 


(2.39) 


Note  the  linear  factors  are  in  the  form  (s  +  a)  rather  than  ( 1  +  s T)  form  required  for  plot¬ 
ting  the  asymptotes.  By  dividing  the  denominator  factors  by  10  and  100  the  form  of  (2.39) 


is  changed  to  B(s ) 


_ 10 _ 

^(1  +  s0.1)(l  +s0.01) 


;  note  the  gain  is  10,  or  20  dB.  Set  s  =  y'ay. 


The  corner  frequencies  of  the  transfer  function  are  roc  =  l/T,  i.e  1/0.1  =  10  and 

1/0.01  =  1 00  rad/s  for  the  two  factors  (1+sO.l)  1  and  (l+sO.Ol)  1 ,  respectively.  The 
straight-line  representations  for  the  four  factors  are  shown  in  Figure  2.18.  These  are  com¬ 
bined,  making  allowance  for  the  deviations  of  the  actual  responses  from  the  straight-line  ap¬ 
proximations  as  shown  in  Figure  2.14  and  Figure  2.15,  to  form  the  response  of  the  transfer 
function. 


Figure  2.18  Frequency  response  plots  of  the  transfer  function  B(s) 
using  straight-line  approximations. 
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2.12.2  Stability  Analysis  of  the  closed-loop  system  from  the  Bode  Plot 


The  transfer  function  W(s)  of  the  closed-loop  system  shown  Figure  2.9  was  derived  in 

G(  s') 

Section  2.7;  the  transfer  function  is  W(s)  =  - - rT/  ,  . 

1  +  G{s)H(s) 


As  mentioned  earlier,  the  important  feature  of  the  Bode  Plot  is  that  the  stability  of  the 
closed-loop  system  can  be  derived  from  the  plot  of  the  open-loop  transfer  function 
G(s)H(s) .  The  theoretical  basis  for  this  result  requires  that  no  poles  or  zeros  of  G(s)H(s) 
lie  in  the  right-half  of  the  complex  r-plane,  i.e.  it  is  open-loop  stable  and  ‘minimum  phase’ 
[1],  (If  zeros  of  G(s)H(s)  lie  in  the  right-half  of  the  r-plane  the  latter  transfer  function  is 
called  ‘non-minimum  phase’.)  The  criterion  for  the  stability  of  closed-loop  systems  based  on 
the  Bode  Plot  of  open-loop  stable  transfer  functions  follows  from  the  more  generally  appli¬ 
cable  Nyquist  criterion  that  covers  both  open-loop  unstable  and  non-minimum  phase  sys¬ 
tems  [1], 


Assume  the  Bode  Plot  in  Figure  2.19  is  drawn  in  the  vicinity  of  the  gain  cross-over  frequen- 
cy,  tt>co ,  for  the  open-loop  transfer  function  G(/ay)//(/ay) .  (This  analysis  may  be  carried 

out  for  the  transfer  function  B(s)  in  Figure  2.1 8;  B(s)  satisfies  the  condition  that  it  is  open- 
loop  stable  and  minimum  phase.) 


Figure  2.19  Gain  and  Phase  Margins  defined  on  the  Bode  Plot  of  the  G(s)H(s). 

It  can  then  be  shown  that  when  the  phase  shift  c)>(ooy-)  =  -180° ,  the  corresponding  value  of 

the  LM  must  be  negative  for  stability.The  amount  by  which  the  gain  can  be  increased  before 
instability  results,  is  called  the  ‘Gain  Margin’. 
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The  term,  ‘Phase  Margin’ is  defined  as  the  difference  between  the  (-180°)  line  and  the  phase 
plot  when  the  Log  Magnitude  Plot  crosses  the  zero  dB  axis,  i.e.  when  LM  =  0  .  The  Phase 
Margin  for  a  minimum-phase  system  must  be  positive  for  stability.  The  Phase  Margin  can 
also  be  interpreted  as  the  amount  of  phase  lag  that  can  be  introduced  at  unity  loop-gain  be¬ 
fore  instability  of  the  closed-loop  system  results. 

Example  12.  Derive  the  information  on  stability  and  dynamic  performance  of  the 
closed-loop  system  from  the  Bode  Plot 

Assume  that  the  transfer  function  B(s)  in  the  Example  1 1  represents  the  open-loop  transfer 
function  of  a  unity  gain  feedback  system,  i.e.  B(s)  =  G(s)H(s )  =  G(s).  The  Gain  and 
Phase  Margins  for  this  system  are  illustrated  in  Figure  2.20  for  the  Bode  Plot  for  G(s)H(s) . 
The  following  information  can  be  extracted  from  the  Plot. 

•  Because  the  Gain  and  Phase  Margins  are  positive  the  closed-loop  system  is  stable. 

•  If  the  gain  in  the  forward-loop  is  increased  by  21  dB  the  closed-loop  system  becomes 
marginally  stable  and,  ideally,  it  would  oscillate  with  a  constant  amplitude  at  a  fre¬ 
quency  of  32  rad/s.  Note  that  the  gain-crossover  frequency  shifts  to  the  right  - 
increasing  in  frequency  from  8  to  32  rad/s  as  the  magnitude  plot  shifts  vertically 
upwards. 

•  Further  indicative  data  on  the  dynamic  performance  of  the  closed-loop  system  is 
revealed  by  the  Phase  Margin  (PM°).  A  rule  of  thumb  is,  if  the  closed-loop  system 
has  a  pair  of  dominant  complex  poles,  the  damping  ratio  of  the  closed-loop  poles  is 
approximately  PM  °  / 1 00  [1  ] . 

For  a  good  servo-system  transient  response,  the  Phase  Margin  should  be  about  70°  for  a 
closed-loop  system  that  has  a  dominant  pair  of  complex  poles.  For  such  a  Phase  Margin  it 
would  be  necessary  to  reduce  the  gain  by  9.3  dB  in  the  case  of  Figure  2.20.  Note  the  gain 
crossover  frequency  is  reduced  to  3.3  rad / s;  this  implies  that  the  frequency  of  the  damped 
sinusoidal  response  to  a  step  change  at  the  input  of  the  closed-loop  system  would  also  be 
reduced,  possibly  to  4  -  5  rad / s. 

The  significance  of  this  example  is  that  it  illustrates  how  a  variety  of  useful  information  for 
the  design  of  the  performance  of  the  closed-loop  system  can  be  derived  from  the  Bode  Plot  of  the 
open-loop  system. 


Sec.  2.13  The  Q-filter,  a  passband  filter 
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Figure  2.20  Bode  Plot  of  the  open-loop  transfer  function  showing  the  gains 

and  phase  margins. 

As  stated,  in  applications  to  power  system  analysis  one  should  be  aware  of  open-loop  sys¬ 
tems  that  are  non-minimum  phase  when  using  the  Bode  Plot  for  stability  analysis.  An  exam¬ 
ple  of  such  a  case  is  the  model  of  a  Francis  turbine  in  a  hydro-electric  plant.  This  model 
contains  a  right-half  plane  zero  (which  causes  the  turbine  power  output  to  rise  initially  as  the 
wicket  gates  are  closed). 

2.13  The  Q-filter,  a  passband  filter 

The  Q-filter  is  a  bandpass  filter  which  passes  a  selected  band  of  frequencies  and  attenuates 
those  which  lie  outside  the  bandwidth  of  the  filter.  The  transfer  function  of  the  filter  is 

(2^/aJs 

l+(2^/wm)s  +  (s/a>J2 


Q(s)  = 


(2.40) 
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where  com  (rad/ s)  is  the  centre  or  resonant  frequency,  i.e.  the  frequency  at  which  the  mag¬ 
nitude  of  Q(s)  is  a  maximum;  E,  is  the  damping  ratio.  The  3  dB  bandwidth  is 
®2  —  ®  i  =  2 co m^,  where  ©[(02  =  co^ ;  the  quality  factor  of  the  filter  is  defined  as 
Q  =  1/(2^) .  The  frequency  response  characteristics  of  the  filter  are  shown  in  Figure  2.21 
as  a  function  of  the  damping  ratio;  note  that  the  phase  responses  pass  through  zero  degrees 
at  resonance.  These  characteristics  are  relevant  to  a  type  of  stabilizer  in  section  Appendix  8— 
1.3. 


—  —  ^=0.1—  —  4=0.2—  —  4=0.3—  —  4=0.4 

—  —  4=0.5  4=0.6  -  4=0.8  -  4=1.0 

-  4=2.0 -  4=4.0 -  4=7.0  4=10 


Figure  2.21  Frequency  response  of  the  Q-Filter  for  damping  ratios  E,  from  0.1  to  10. 
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Chapter  3 


State  equations,  eigen-analysis  and  applications 


3.1  Introduction 

The  description  of  the  dynamics  of  large  systems,  such  as  power  systems,  by  their  transfer 
functions  is  unsatisfactory  for  a  number  of  reasons.  For  example,  for  a  system  of  order  n, 
say  100,  the  characteristic  polynomial  has  degree  100  and  101  coefficients  of  s.  Moreover, 
such  systems  typically  have  more  than  one  output  variable  and  more  than  one  input  signal, 
modelling  based  on  the  multi-input  multi-output  state  equations  of  the  system  is  simpler  and 
problems  of  loss  of  accuracy  are  reduced.  Moreover,  such  modelling  has  a  number  of  ad¬ 
vantages  and  features  some  of  which  are  described  in  the  following  sections.  To  illustrate 
the  formation  of  the  state  equations  of  a  plant  or  an  electro-mechanical  system,  let  us  con¬ 
sider  two  examples. 

Much  of  the  material  on  linear  systems  analysis  in  the  later  sections  is  covered  by  [1] . 

3.1.1  Example  3.1. 

Find  a  set  of  state  and  output  equations  for  the  simple  RLC  circuit  shown  in  Figure  3.1.  The 
voltage  supplied  by  an  ideal  source  is  and  the  required  outputs  are  the  capacitor  volt¬ 

age  are  vc(t)  and  inductor  current  iL{t). 
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L 


Figure  3.1  RLC  circuit 

VC  vs 

Loop  voltages:  =  vL  +  v c  =  Lpi L  +  v c  or  piL  =  -  —  +  —  . 

where  p  is  the  differential  operator  d/ dt . 


vc  vc  iL 

Current  flow:  h  =  ~^  +  Cpvr  or  =  -  - — +  —  ■ 

^  R  L  L  RC  C 


(3.1) 


(3.2) 


Note  that  each  of  the  right-hand  equations  is  a  first-order  differential  equation  with  the  de¬ 
rivative  specifically  sited  on  the  left-hand  side  of  the  equation. 


There  are  two  independent  energy  storage  elements,  C  and  L.  Because  the  instantaneous  en- 

1  2  1  2 

ergy  stored  in  C  and  L  is  -  Cvc  and  -/.q  ,  respectively,  the  variables  Xj  =  vc  and 
x,  =  i L  are  ‘natural’  selections  for  states.  Hence,  the  state  equations  are  formed  as  follows: 


From  (3.1), 

"2 

h 

ii 

Ho* 

+ 

which  becomes 

*2 

1  +  1 

LXl  L  s’ 

and,  from  (3.2), 

VC  .  lL 

PVC  =  ~^+C’ 

we  have 

*1 

1  ,  1 

=  -^  +  CX2 

The  two  output  equations  required  are 

o 

ii 

X 

and 

y2=  iL  =  x2 . 

The  state  and  output  equations  can  thus  be  written  in  matrix  form  as  follows: 


r  - 

i 

1 

-  -i 

X, 

= 

RC  C 

X1 

+ 

0 

1 

• V,  or 

Xj 

=  A  ■ 

X\ 

X-, 

i 

~L 

0 

X, 

L 

X  'j 

x2 

y  i 

1  0 

x( 

+ 

0 

•  vs 

or 

y\ 

=  C 

x\ 

y  2_ 

0  1 

x2_ 

0 

x2 

+  b  ■  v  and 


+  d-vs. 
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1  1 

where  A  = 

~RC  C 

b  = 

0 

1 

L 

c  = 

1  0 

,  and  d  = 

0 

-j  0 

0  1 

0 

L 

3.1.2  Example  3.2 

A  drive  system  shown  in  Figure  3.2  consists  of  a  DC  motor  driving  an  inertial  load  through 
a  speed-reducing  gearbox.  The  controlled  DC  supply  voltage  to  the  armature  is  supplied  by 
a  power  amplifier.  The  motor  field  current  is  maintained  constant  (i.e.  the  flux/ pole  is  con¬ 
stant).  Write  down  the  equations  of  motion  for  this  system. 


The  equations  describing  the  dynamic  behaviour  of  the  system  are  developed  below.  The 
variables,  parameters  and  their  units  are: 

vs(t)  and  vb(t)  are  respectively  the  supply  voltage  and  the  back  emf  of  the  motor  (V); 
i  (t)  is  the  armature  current  (A); 

T a(t)  is  the  motor  (armature)  torque  (Nm); 

TL(t )  and  TLa{t)  are  load  torques  referred  to  the  load  and  motor  shafts,  respectively  (Nm); 
co a(t)  and  a> (t)  are  the  motor  and  load  speeds  (rad/s),  n:  1  is  the  gearbox  ratio; 
r  (t )  and  La  are  the  resistance  (ohm)  and  self-inductance  (Henry)  of  the  armature  circuit; 

9 

J  is  the  inertia  constant  of  the  rotating  system  (kg-m  ); 

B  is  the  coefficient  of  viscous  friction  (Nm/rad/s); 
ka,  kt  are  constants  of  proportionality. 

Armature  circuit  equation:  =  rQia  +  Lapia  +  vh 

Back  emf  of  motor:  vb  =  k(;)ioa  ( vh  oc  flux/pole  x  e>fl) 

Torque  developed  by  motor:  T  =  k(i  {Ta  flux/pole  x  ia) 
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Opposing  load  torque:  TL  =  Jpa>+B(i> 

Speed  of  motor  shaft:  a>a  =  not 


Power  transfer  across  gearbox:  TL  co  =  T^co;  TLa  =  TL/n 


Eliminating  T a(t) ,  TL(t) ,  TLa{t) ,  coa(t)  and  vb{t )  from  the  above  equations,  and  inserting 
the  derivative  terms  on  the  left-hand  side  of  the  relevant  equations,  we  find 

ra.  nkw  ^vs  ,,~ 

Pla  =  ®  +  r  >  (3-3) 


B  nkt 

P°>  =  -j°>  +  ~la 

Assume  the  outputs  of  interest  are:  i  ,  co,  co  ,  T 


(3.4) 


Let  the  states  be  xq  =  and  =  co ,  then  substituting  these  quantities  in  (3.3)  and  (3.4) 
we  find: 


r 

nk 

a 

co 

1 

~  - 

*1 

~L 

“  L 

x\ 

X, 

X1 

= 

a 

a 

+ 

La 

•  vs(t)  or 

1 

=  A  ■ 

x2 

nkt 

B 

x2_ 

0 

x2 

x2 

T 

J 

+  b  ■  vs(t)  . 


The  outputs  of  interest  can  be  expressed  as: 

yr  ‘a’  y2=  y2= 


y4  =Ta  =  ktia’  then 


y  i 

i 

0 

0 

y  i 

y  2 

= 

0 

1 

X1 

+ 

0 

•  Vs  or 

j2 

=  c 

X1 

y  3 

0 

n 

x2 

0 

y  3 

x2 

kf 

0 

o 

y  4 

t 

y  4 

+  d  ■  v„ 


d  =  0. 


(3.5) 


(3.6) 


Note  there  are  2  state  equations,  1  input,  4  outputs.  Thus  A  is  dimension  2x2, ft  is  2x1, 
Cis4x2dis4xl  and  is  a  zero  vector. 


Equations  (3.5)  are  called  the  state  equations  for  this  second-order  system,  (3.6)  are  its  output 
equations.  There  are  two  independent  energy  storage  elements,  the  field-circuit  inductance 
and  the  inertia  of  the  rotating  system,  L  and  J.  As  stated,  the  energy  stored  in  these  elements 

2  2.. 

is  Li  /2  and  J  co  /2  ,  respectively  at  any  time  t,  and  are  uniquely  determined  by  the  instan¬ 
taneous  values  of  i a(t)  and  co(t) .  Thus  xl  =  i  and  x-,  =  a>  are  thus ‘natural’ selections  for 
the  state  variables.  In  general  there  are  as  many  states  in  the  system  as  there  are  independent 
energy-storage  elements  -  with  the  addition  of  those  states  and  state  equations  representing 
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pure  integration  (e.g.  the  relation  pd  =  v  between  speed  v  and  distance  d). 

3.2  The  concept  of  state  and  the  state  equations  [1] 

Definition:  The  state  of  a  system  at  any  time  t  =  f(-  is  a  minimum  set  of  numbers  which,  to¬ 
gether  with  the  input  function  u(t )  for  t  >  and  the  equations  describing  the  dynamics,  are 
sufficient  to  determine  the  future  behaviour  of  the  states  and  the  output  of  the  system. 

The  state  of  the  system  at  time  t  is  described  by  a  vector  of  n  state  variables 
jjcj(f)  x2(t)  ...  xn(t )J  •  A  knowledge  of  the  initial  values  of  the  state  variables 

[xjOq)  x2(t0 )  ...  v;!(f0)J  at  time  t0  and  the  m  input  signals  u2(t)  ...  wm(/)]  for 

t  >  ?q,  is  sufficient  to  determine  the  future  values  of  the  state  variables  and  the  output. 

These  concepts  lead  to  the  state-space  model  of  a  system  in  terms  of  a  set  of  n  first-order  dif¬ 
ferential  equations  (in  contrast  to  a  single  nth  -  order  differential  equation  from  which  the 
conventional  transfer  function  is  derived).  Recall  that  in  each  first-order  equation  the  deriv¬ 
ative  of  the  state  variable  is  placed  on  the  left-hand  side  of  the  equation  and  all  terms  in  the 
state  variables  and  inputs  on  the  right-hand  side.  A  general  form  of  the  n  state  equations, 


with  m  input  signals,  is  thus 

Xl  =  fljjXj  +  a  j2*2  +  . . 

x2  =  a2lxl  +  a22x2  +  . . 

■+a\nxn  +  bUu\+hUu2+-- 

■+a2nxn  +  b2\u\+b22Ul+-- 

■+bl  mum 
■+b2  mum 

x  =  a  +  a  oXt  +  . 

n  n  11  n2  2 

■■+annxn  +  hn\u\+hn2u2+- 

. .  +  b  u 

nm  m 

(3.7) 

The  p  output  equations  are: 

y  i  =  cux1  +cl2x2+  .. 

■+c\nxn  +  dUu\+d\2u2  +  -- 

.  +  d\  u 

1  m  m 

yP  =  cp\x\  +  cP2x2  + ■ 

"+  cpnxn  +  dplul+dp2u2+  ■ 

. .  +  d  U 
pm  m 

(3.8) 

A  more  compact  arrangement  of  the  above  equations  is  the  matrix  form: 

x(t)  =  Ax(t)  +  Bu(t) 
y(t)  =  Cx(  t)  +  Du(t) 


(3.9) 
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flll 

an  ■ 

■  al  n 

bu 

b\2  ' 

■  b\ m 

where  A  = 

a2l 

a22  ■ 

■  a2n 

,  B  = 

b2\ 

b22  ' 

■  b2m 

a  i 

n  1 

an2  ■ 

•  v 

bn\ 

bn2  ■ 

'  bnm 

of  dimension  n  x  n  and  n  x  m  ,  respectively,  and 


cn 

c12  ■ 

•  c\n 

^11 

d  12  • 

•  d\m 

where  C  = 

c2l 

c22  ' 

•  C2n 

,  D  = 

d2\ 

d22  ■ 

■  d2m 

cp\ 

CP2  ' 

■  cpn 

dpl 

dp2  • 

.  d 

run 

of  dimension  p  x  n  and  p  x 

m  . 

The  n  x  1  state  vector  is 

x(t)  = 

[*i(0  x2(0  ■■ 

•  *„(0 >J  > 

the  m  x  1  input  vector  is 

u{t)  = 

U2(t)  ■ 

-|  T 

..  Um{t)\  ,  and 

the  p  x  1  output  vector  is 

y(t )  = 

[jh(0  l2(0  •• 

1T 

(3.10) 


(3.11) 


Examples  of  state  and  output  equations  have  been  given  in  Examples  1  and  2.  (Also  see  [1], 
[2]  and  [3].) 

3.3  The  linearized  model  of  the  non-linear  dynamic  system 

The  equations  describing  the  power  system  and  its  dynamics  are  non-linear.  For  analyzing 
the  dynamic  performance  of  the  non-linear  plant  and  the  system,  typically  following  a  large 
disturbance  such  as  a  fault,  a  step-by-step  integration  of  the  non-linear  equations  is  carried 
out  to  calculate  the  time-domain  responses  of  the  system  variables.  Such  variables  are  gen¬ 
erator  speeds  and  rotor  angles,  bus  voltages,  controller  outputs,  etc.  Because  the  dynamic 
behaviour  of  the  system  depends  very  much  on  the  location  and  the  severity  of  the  distur¬ 
bance,  as  well  as  the  operating  conditions,  it  is  necessary  to  conduct  a  large  number  of  so- 
called  transient  stability  studies  to  characterise  the  dynamics  of  the  system  [4], 

Linearizing  the  set  of  non-linear  equations  for  a  selected  operating  condition  results  in  a  new 
set  of  equations  in  a  new  set  of  variables.  These  variables  are  the  perturbations  Ax  about  the 
steady-state  quantities  x0  .  The  variable  x  in  the  non-linear  equations  is  related  to  the  former 
pair  by  x  =  Ax  +  x0  .  The  advantages  of  forming  the  linearized  equations  of  a  system  are: 

•  All  the  powerful  analytical  methods  developed  in  linear  control  theory  are  available  for 
the  analysis  of  the  linearized  dynamic  system. 
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•  If  the  linearized  system  is  stable  at  the  selected  steady-state  operating  point  then, 
according  to  a  theorem  by  Poincare  [5],  the  non-linear  system  is  also  stable  at  that 
operating  point. 

•  The  dynamic  performance  of  the  linearized  system  can  be  characterized  by  the  loca¬ 
tion  of  its  poles  in  the  complex  r-plane.  Based  on  results  in  the  theory  covered  in  Sec¬ 
tions  2.8  and  2.9,  the  real  parts  of  these  poles  (or  damping  constants)  provide  the 

1 

information  on  stability,  how  well  damped  the  modes  are,  the  nature  of  the  transient 
response,  etc.  Such  information  cannot  be  gleaned  directly  from  the  results  of  time- 
domain  analysis  of  the  non-linear  system. 

If  the  transient  responses  of  the  linearized  system  to  a  disturbance  are  calculated,  a  question 
is  ‘how  accurate  are  the  responses’.  Poincare  proved  that  the  response  of  the  linearized  sys¬ 
tem  to  a  disturbance  is  exactly  the  same  as  that  of  the  original  non-linear  system  if  the  dis¬ 
turbance  is  vanishingly  small.  As  explained  in  Section  1.1,  the  responses  predicted  by  the 
linearized  model  are  often  sufficiently  accurate  for  practical  analysis  and  design  purposes. 
However,  care  must  be  exercised  to  take  into  account  the  nature  of  the  non-linearities,  the 
operating  point  and  the  size  of  the  perturbation  when  deciding  if  the  linearized  model  is 
practically  applicable  to  the  analysis  being  performed. 

3.3.1  Linearization  procedure 

In  [6]  the  set  of  nonlinear  differential-algebraic  equations  (DAEs)  describing  the  dynamic 
behaviour  of  the  integrated  power  system  are  derived  and  are  shown  to  be  of  the  form: 

X  =  f(x,  8,  u) ,  0  =  g(x,  e,  u) ,  y  =  /i(x,  8)  , 

where  the  vector  x  represents  the  n  states  of  the  system,  8  the  r  algebraic  variables,  u  the 
m  system  input  variables,  and  y  the  p  output  variables. 

At  the  steady-state  operating  condition,  which  is  the  equilibrium  point  about  which  the  sys¬ 
tem  is  to  be  linearized,  implies  by  definition  that  all  rates  of  change  are  zero,  x  =  0  ,  thus 

/(x0,80,«0)  =  0,  0  =  g(x0,e0,u0),  j0  =  /t(x0,e0).  (3.12) 

Assume  the  system  is  subjected  to  a  small  perturbation  from  the  steady  state  such  that 

x  =  x0  +  Ax,  s  =  e0  +  Ae,  «  =  «0  +  Ah,  y  =  j0  +  Aj.  (3.13) 

The  perturbed  the  variables  must  satisfy  (3.12).  For  example,  in  the  case  of  the  output  y  in 
(3.13) 

y  =  J0  +  Aj  =  h(x0  +  Ax,  80  +  Ae) . 

Because  the  perturbations  are  small,  the  nonlinear  function  y  =  /t(x,s)  can  be  expressed  as 
a  first-order  Taylor’s  series  expansion.  Consider  the  2th  output,  yi,i=  1 


1.  See  a  note  on  eigenvalues,  modes  and  stability  in  Section  3.5.2. 
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dh-  dh-  dh ■  dh ■ 

-  y,o  +  4>',  -  />,(*„,  «o)  +  gp,,  + ...  +  ^A,„  +  ^AE,  +  ...  +  jj-Aer 

dhj  dht 

where  the  partial  derivatives  - —  ,  a  =  1 . ,n  ;  and  - —  ,  =  1 . .  ,r  are  evaluated  at  the  in- 

dxa  deb 

itial  steady-state  operating  point  (x0,e0,h0). 


Because  yj0  =  hA jc0,  e0)  in  the  above  equation,  it  reduces  to  an  equation  in  the  perturbed 
variables: 

dh-  dh-  dh-  dh- 

^  *  &A' +  ■"  +  a7A'"  +  stiASl  +  -  +  sTrAE-  (3-14) 

Similar  expressions  can  be  derived  for  the  two  remaining  functions  in  (3.12),  for  j=  1, ... ,  n: 


A  Xj  = 


(3.15) 


"  dgk  r  dgk  m  dgk 

°=  Z  ^7Axa  +  Z  3TA^+  2  ~ V 


a  =  1  0 


b=ideb 


i 

c  =  1  c 


(3.16) 


The  sets  of  linearized  equations,  (3.14)  to  (3.16)  are  more  conveniently  expressed  in  matrix 
form. 


Ax  =  JfxAx  +  JfEAe  +  JfuAu 

0  =  JgxAx  +  JgeAE  +  JguAu 

Ay  =  JhxAx  +  JheAe  +  JhuAu 

or  more  compactly: 


Ax 

Jfx  Jfe  Jfu 

Ax 

0 

= 

J  J  J 

gx  gz  gu 

Ae 

Ay 

"^hx  J  hi:  J h  u 

Ah 

(3.17) 


(3.18) 


where  the  (i,  a)'1’  element  of  the  jfx  sub -matrix  of  the  system  Jacobian  matrix  is  eval¬ 
uated  at  the  initial  steady-state  operating  point.  The  elements  of  the  other  sub-matrices  are 
similarly  defined. 


The  formulation  of  the  linearized  equations  of  the  system  as  a  set  of  DAEs  possesses  a  num¬ 
ber  of  significant  advantages,  including:. 

•  The  ‘natural’  formulation  of  the  equations  for  devices  and  their  controllers  is 
exploited  when  building  the  set  of  system  equations; 
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The  equations  for  large  systems  are  inherently  highly  modular  and  extremely  sparse 
(i.e.  the  Jacobian  matrix  contains  very  large  numbers  of  zeros).  Highly  efficient  com¬ 
putational  algorithms  for  processing  modular  and  sparse  matrices  are  exploited  when 
computing  frequency  responses,  transfer-function  residues  -  as  well  as  computing  a 
subset  of  the  system  eigenvalues  within  a  selected  region  of  the  complex  s-plane. 

The  modularity  and  sparsity  of  the  system  equations  can  be  exploited  when  comput¬ 
ing  eigenvalue  sensitivities. 


Elimination  of  the  algebraic  variables  from  the  DAEs  yields  the  conventional  ‘ABCD’  form 
of  the  state  equations,  i.e. 


Ax(t)  = 


, where 


AAx(t)  +  BAu(t) , 

A  =  Jfx~JfeJg&Jgx 
C  =  Jhx~JheJgeJgx 


Aj(t)  =  CAx(t)  +  DAu(t) , 
B  -  Jfu-Wg*Jgu 

D  =  Jhu~JhsJgeJgu 


(3.19) 

(3.20) 


Equations  (3.19)  are  the  state  and  output  equations  and  are  a  form  commonly  used  in  the 
literature  on  linear  control  theory  to  describe  a  system. 

3.4  Solution  of  the  State  Equations 

The  solution  of  the  state  and  output  equations  (3.19)  in  matrix  form  can  be  obtained  by  tak¬ 
ing  the  Laplace  Transform  of  each  of  its  first-order  differential  equations,  i.e. 

A*TO-x(0)  =  AX(s)+BU(s),  or 

(sI-A)X(s)  =  x(0) +££/(.?),  (3.21) 

where  I  is  the  7?th  order  identity  matrix.  Pre-multiplying  both  sides  by  (si  -A)  1 ,  we  obtain: 

X(s)  =  H/-A)“1x(0)  +  (5/-A)'1^t7H).  (3.22) 

The  first  term  on  the  right  of  (3.22)  is  the  natural  response  and  the  second  is  the  forced  re¬ 
sponse.  The  time-domain  solution  is  of  the  form: 

x(t)  =  eAtx(0 )  +  j  eA^  x^Bu(x)dx  y(t)  =  Cx(t)+Du(t). 

At 

The  solution  involves  the  matrix-exponential  e  ,  whose  numerical  computation  for  high 
order  systems  is  very  challenging  [7] .  The  following  analysis  reveals  important  theoretical  as¬ 
pects  of  the  time  response.  However,  it  is  emphasized  that  these  methods  are  not  employed 
in  practice  to  numerically  calculate  time-responses. 

3.4.1  The  Natural  Response 

The  Natural  Response  is  derived  from  (3.22): 
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X(s)  =  (sl-A)  !jc(0) 
y(s)  =  CX(s) 


or  x(t)  =  eA  x(0)f 
or  y(t)  =  Cx(t) 


(3.23) 


The  matrix  (si  -  A)  1  is  known  as  the  resolvent  matrix.  The  solution  for  Af.?)  in  (3.23)  can 
be  expressed  in  the  form: 


X(s) 


(sI-A)  'jc(O) 


Adjoint(sl-A) 
Determinant(sl  —  A) 


(3.24) 


Let  B  =  Adjoint(A) .  The  ( i,j)th  element  of  B ,  b-  is  defined  as  btj  =  (-1  +^'>det(M.l) 

th 

where  M A  is  the  (j,  i)  minor  of  A  ;  M  is  the  (n  -  1)  x  (n  -  1)  matrix  obtained  by  deleting 
the  jth  row  and  ith  column  of  A  [1], 


3.4.2  Example  3.3 


Let 


1  -3  4 

-213; 

4  2  3 


compute  B 


Adjoint(A). 


b 

b 


li 


12 


(-i  )(1  +  1W 


1  3 

2  3 


.  ,.(1  +2)  , 
(-1)  det 


-3  4 
2  3 


(1)(1  x  3  -  3  x  2)  =  -3  , 

:  (— 1 )(— 3  x  3  -  4  x  2)  =  17,  and  so  on,  to  yield 


-3  17  -13 
18  -13  -11 
-8  -14  -5 


For  a  solution  which  is  non-trivial  it  is  necessary  that: 

Determinant(sl-A)  =  0.  (3.25) 

This  is  also  the  characteristic  equation  of  the  system;  the  zeros  of  (3.25)  are  the  poles  of  the 
system  defined  by  the  state  matrix  A  .  This  is  an  important  result  because  it  reveals  that  the 
characteristic  dynamic  behaviour  of  system  is  encapsulated  in  the  state  matrix.  Unfortunate¬ 
ly,  the  solution  for  A'(s)  based  on  (3.24)  becomes  unmanageable  for  fourth-  and  higher-or¬ 
der  systems. 

A.  t 

We  can  write  the  natural  response,  x(f)  =  e  x(0)  in  the  form  x(t)  =  <S>(t-  tQ)x(0)  where 
<f>(?  —  ?o)  is  known  as  the  n  x  n  state  transition  matrix.  It  describes  the  transition  of  the  n 

At 

states  over  the  interval  — >  t  and  is  equal  to  e  .  If  t0  =  0  ,  <l>(t  -  t0)  is  replaced  by  <f>(f) , 
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x(t)  =  ®(/)je(0). 


(3.26) 


We  note,  by  examination  of  (3.24)  and  (3.26),  that  the  Laplace  Transform  of  O(t)  is 
(j)(j)  =  (si- A)  .  Hence  O(f)  can  be  determined  by  evaluating  the  resolvent  matrix, 
(si -A)  1 ,  and  taking  the  inverse  Laplace  Transform. 

3.4.3  Example  3.4:  Natural  response 

The  state,  input,  output  and  direct-transmission  matrices  in  this  example  are: 

,  D  =  0  respectively. 

(a)  Calculate  the  state  transition  matrix  O(t)  for  the  state -matrix. 

Firstly,  we  evaluate  the  resolvent  matrix  (si  -  A)  1  using  the  result  for  the  inverse  given  in 
(3.24).  The  Adjoint  (Ad])  matrix  is  the  transpose  of  the  matrix  formed  by  replacing  the  ele¬ 
ments  a,j  by  their  cofactors  (signed  minors).  Thus, 


A  = 

0  -2 

,B  = 

0 

,  c  = 

2  0 

1  -3 

1 

0  1 

(si  -A)  = 


„-l  O' +  3) 


,  and  det(s/-A)  =  s  +3s  +  2  =  (s+l)(s  +  2). 


Hence 


<t>0)  =  (sI-A) 


s  +  3 


-2 


(s+  l)(s  +  2)  (s+l)(s  +  2) 

1  5 


_(s+  l)(s  +  2)  (s+  l)(s  +  2) 

Note  the  poles  of  the  system,  s  j  2  =  -1,  -2  ,  are  associated  with  each  element  of  the  matrix. 


At 


Taking  the  inverse  Laplace  Transform,  we  find:  0(t)=  e  = 


2e  ‘ -e  2t  -2e  ‘  +  2e  2‘ 

-t  —It  -t  -  -2 1 

e  -  e  -e  +  2e 


Find  the  responses  of  the  outputs  y  = 

LlO) 

=  Cx  = 

2  0 

xx(t) 

42(0 

0  1 

x2(t) 

when 


Xj(0)  =  1  and  x9(0)  =  -1  . 

The  responses  of  the  two  states  are 


xx(t) 

On 

®12 

•T(0) 

X2(t) 

5*21 

®22 

x2(0) 

i.e. 


xx(t)  =  (2e  ' -e  2Vi(0)  +  (-2e  ‘  +  2e  2‘)x2(0 )  =  4e  f-3e  2t 
x2(t )  =  (e  '-e  2/)xj(0)  +  (-e  '  +  2e  2i)x2(0)  =  2e  1  -3e  2t 
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The  output  responses  are  thus: 


y^(t)  =  2x^(t)  =  8e  ?-6e  “ ' 
y~,(t)  =  x2(t)  =  2e  f-3e  2t 


-t  -2 1 

Note  for  this  second-order  system  there  are  two  eigenvalues  in  the  responses,  e  and  e 


3.4.4  The  Forced  Response 

Assuming  all  initial  conditions  are  zero  in  (3.22),  the  state  and  output  responses  are: 


A(s)  =  (si -A)  BU(s),  Y(s )  =  CX(s)+DU(s) .  Eliminating X(s),  we  find: 


-1 , 


Y(s)  =  G(s)U(s)  or  Y(s)  =  [C(sl-A)  B  +  D]U(s) . 

From  (3.27)  the  multi-input,  multi-output  (MIMO)  transfer  function  is  defined  as: 

GnW  -  G,m(s) 


(3.27) 


-l , 


G(s)  =  C(sl-A)  B  +  D 


GplW  ■  Gpm (*) 


Clearly,  if  there  are  no  pure  gain  paths  directly  between  input  and  output,  then  D  =  0 .  The 
MIMO  transfer  function  is  then: 


G(s)  =  C(sl-A)  B. 

3.4.5  Example  3.4  (continued). 

1 


(3.28) 


(c)  Find  G(s)  given:  (si -A) 


s  +  3  -2 

1  s 


B  = 


(5+  l)(s  +  2) 

The  elements  of  C  are  given  in  part  (b)  of  Example  3.4.  Hence,  by  substitution  in  (3.28), 

_ -4 

1  O  A  „  i  T  O  A  /  ^  i 

G(s)  = 


1 

2  0 

s  +  3  -2 

0 

(5+  l)(j  +  2) 

0  1 

1  5 

1 

(5  +  l)(5  +  2) 

s 


(s  +  1  )(.S-  +  2) 


3.5  Eigen-analysis 

3.5.1  The  eigenvalues  of  the  state  matrix,  A 

The  h th  eigenvalue  of  a  real,  n  x  n  matrix  A  is  the  real  or  complex  scalar  quantity,  ^  ,  which 
is  the  non-trivial  solution  of  the  equation 

Avh  =  Va  ' 


(3.29) 
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The  n  -element  column  vector,  vh  =  \v^lt  v2A  ...  vn/qj  ,  is  called  the  right  eigenvector  of 
the  matrix  A  corresponding  to  the  eigenvalue  X h  . 

To  calculate  the  eigenvalue,  let  us  rewrite  (3.29)  in  the  form 

{XhI-A)vh  =  0. 

For  a  solution  which  is  non-trivial,  Determinant^ j  l  -  A)  =  0. 

This  is  also  the  characteristic  equation  of  the  system  and  is  the  same  as  (3.25)  with  s  replaced 
by  X/  .  The  eigenvalues  of  the  state  matrix  A  are  thus  the  same  as  the  poles  of  the  transfer  func¬ 
tion,  and  are  independent  of  which  variables  in  the  system  are  selected  to  be  inputs  or  out¬ 
puts.  For  the  n^  -order  system  there  are  n  eigenvalues  which  are  real  or  exist  in  complex- 
conjugate  pairs. 

Likewise,  there  exists  a  «-element  row  vector,  wh  =  \wh j  wh2  •••  which  satisfies  the 

equation 

whA  =  whXh  ■  (3.30) 

wh  is  called  the  left  eigenvector  of  the  matrix  A  corresponding  to  the  eigenvalue  Xf] . 


Let  us  form  the  n  x  n  matrices  of  right  and  left  eigenvectors  V  and  W,  respectively,  corre¬ 
sponding  to  the  eigenvalues  Lj,  X7,  ...,Xh,  . ..,  X^  ,  i.e. 


V  -  |vj  v2  ...  v J ,  and  W  - 


T  T 
wl  w2 


(3.31) 


Also  let  us  form  the  diagonal  matrix  A  of  eigenvalues,  diag{Xh},  h  =  1 ...«  . 

Equations  (3.29)  and  (3.30)  can  then  be  expressed  respectively  as 

AV  =  V A,  and  WA  =  AW. 


If  V  is  non-singular,  which  is  usually  the  case  for  realistic  power  system  models,  then: 

V~lAV  =  A  and  WA  =  V~X  A  VW , 
from  which  we  may  conclude  that  W  =  V1  or  WV  =  I . 

The  latter  equation  reveals  a  useful  orthogonality  property  of  eigenvectors  corresponding  to 
a  selected  eigenvalue,  Xt  ,  namely 


(3.32) 
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whereas,  for  eigenvectors  corresponding  to  different  eigenvalues,  and  ,  wgvh  =  0  . 

V  and  W  are  respectively  known  as  the  right  and  left  modal  matrices  of  the  state  matrix  A  . 

3.5.2  A  note  on  eigenvalues,  modes  and  stability 

As  described  in  Section  3.5.1,  an  eigenvalue  of  the  n  x  n  system  matrix  A  is  a  real  or 
complex  number.  The  system  matrix  has  n  eigenvalues,  some  real  and  some  in  complex-con- 
jugate  pairs.  Each  real  eigenvalue  (cq)  is  associated  with  a  monotonic  mode  which  in  the 

time-domain  has  the  form  jq(f)  =  A^e  .  Each  complex-conjugate  pair  of  eigenvalues 
(o2  ±  j co)  is  associated  with  an  oscillatory  mode  which  in  the  time-domain  has  the  form 

y7(t)  =  A2e  sin(cot  +  ())?).  The  unforced  response  of  a  linear  time-invariant  system  is  a 
(weighted)  superposition  of  the  response  of  each  of  the  system  modes.  In  power  systems 
analysis  the  term  mode  usually  refers  to  a  broader  set  of  properties  than  just  the  damping  and 
frequency  of  oscillation  in  order  to  characterise  more  completely  the  physical  behaviour  of 
the  natural  modes  of  system  response  in  the  time  domain.  Other  modal  characterisations  in¬ 
clude,  for  example,  whether  it  is  an  electro-mechanical  mode,  or  a  controller  mode,  etc.  In 
the  case  of  electro-mechanical  modes  we  refer  to  sub-classifications  such  as  inter-area 
modes,  local  modes,  etc.  (see  Section  1.5).  In  conjunction  with  the  engineer’s  detailed 
knowledge  of  the  system  structure,  the  eigen-decomposition  of  the  system,  including  eigen¬ 
values,  eigenvectors  and  participation  factors,  is  a  tool  employed  to  characterize  the  system 
modes.  In  the  following  text  the  term  mode  is,  at  times,  used  instead  of  eigenvalue.  Note  that 

there  are  occasions  when  the  symbol  refers  to  either  the  hfl'  mode  or  the  hth  eigenvalue; 
the  application  depends  on  the  context.  See  Section  9.1.1  for  further  details. 

It  has  been  noted  in  Section  2.9  that  the  system  is  unstable  if  a  pole  or  a  pair  of  complex 
poles  lies  in  the  right-half  of  the  5-plane.  Correspondingly,  instability  arises  if  the  real  part  of 
any  eigenvalue  is  positive;  the  associated  mode  therefore  increases  exponentially  with  time. 

3.6  Decoupling  the  state  equations 

Let  us  consider  the  response  of  the  states  in  the  state  equations  of  (3.9)  when  the  system 

responds  to  a  set  of  initial  conditions  with  zero  input.  Substituting  x  =  Vz  and  x  =  Vz  in 
the  resulting  state  equation, 

x(t )  =  Ax( 0) ,  we  find  (3.33) 

z  =  V~lAVz(0)  =  Az(0).  (3.34) 

Cross-coupling  between  states  exists  in  the  state  equations  (3.33)  which  represent  the  phys¬ 
ical  system.  However,  because  the  matrix  A  is  a  diagonal  matrix  of  eigenvalues,  no  cross¬ 
coupling  terms  exist  in  (3.34);  the  latter  equation  is  a  said  to  be  a  decoupled  form  of  the  state 
equations,  with  pseudo-states  z(t) . 
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In  the  above  analysis  we  have  invoked  two  transformations, 

x  =  Vz  and  j(O)  =  F_1x(0)  =  Wx(0) . 

3.7  Determination  of  residues  from  the  state  equations 

In  the  following  sections  much  of  the  material  relating  to  the  applications  to  power  system 
dynamics  is  covered  in  [8]  to  [12], 


The  full  set  of  state  equations  (3.9)  can  be  expressed  in  a  decoupled  form  by  letting  x  =  Vz  ■ 
The  resulting  state  equations  in  the  new  state  vector  z  are: 

2  =  A  z  +  B  U,  y  =  C  z  +  D  U,  (3.35) 

where  A  =  WA  V  is  a  diagonal  matrix  of  the  system  eigenvalues, 

B  =  WB  is  the  mode-controllability  matrix, 

C  =  CV  is  the  mode-observability  matrix,  and 
D  =  D  (usually  a  null  matrix  in  power  system  applications). 


A  mode  kh  is  observable  in  an  output  signal  ym  if  and  only  if  cmh^  0.  Consequently, 
cmh  =  cm°v°h  a  measure  of  the  observability  of  the  mode  in  the  output  ym .  Similarly, 
b/,q  =  Wh0boq  is  a  measure  of  the  controllability  of  the  mode  from  an  input  uq  . 


th  . 


Assume  that  there  are  n  distinct  eigenvalues.  The  transfer  function  between  the  q  input 


and  the  wth  output  is 


ym (i)  _  -  ,  .  A,-i; 

,  \  (si  A)  baq 

ug(s) 


Cfflo  dag- 


s  -  X,j’ s  —  'k^ 


s  -  K, 


_  y  cmh  ‘  ^hd 

h=  i  s~h 

The  form  of  the  transfer  function  displayed  in  the  last  equation  is  the  same  as  that  in  (2.14) 
in  which  Kh  is  the  residue  associated  with  the  eigenvalue  at  s  =  kj. .  Here,  the  residue  for 
the  eigenvalue  s  =  kh  is  defined  as 


h 

r 

mq 


Cmh  '  b hq ’ 


(3.36) 
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which,  according  to  the  above  definitions,  is  a  combined  measure  of  observability  and  con¬ 
trollability. 

Based  on  the  concepts  of  controllability  the  mode  of  concern  is  ‘highly’  controllable  from 
the  gth  input  of  the  state-space  model  of  the  system  if  the  magnitude  of  buq  is  large  relative 
to  that  evaluated  at  all  other  inputs  -  subject  to  a  note  of  caution  1 .  Likewise,  the  signal  at 
»;th  output  of  the  model  is  ‘highly’  observable  -  and  is  suitable  as  a  feedback  or  stabilizing 

signal  for  the  selected  mode  -  if  the  magnitude  of  cm/,  is  large  relative  to  the  values  found 
for  other  possible  feedback  or  stabilizing  signals.  Hence,  for  a  candidate  controller  or  a  sta¬ 
bilizer  in  the  path  from  the  tn^  output  to  the  input  to  be  effective,  the  magnitude  of  the 
residue  r^q  must  be  relatively  large  at  the  modal  frequency  . 


3.8  Determination  of  zeros  of  a  SISO  sub-system 

Although  power  systems  are  MIMO  systems  there  is  often  interest  in  the  analysis  of  a  single¬ 
input,  single-output  (SISO)  subsystem.  Consider  the  SISO  from  the  ith  input  to  the  jth  out¬ 
put  of  the  MIMO  system  described  by  the  general  set  of  state-equations  in  (3.9).  Let  bt  be 

the  ith  column  of  the  input  matrix  B ,  c  ■  the  jth  row  of  the  output  matrix  C  and  d  -  be  the 

ijth  element  of  the  direct-transmission  matrix.  The  resulting  SISO  sub-system  is  described 
by: 

x(t)  =  Ax(t )  +  buit) 


yj (0  =  CjX(t)  +  d^ufi) 

in  which  uft)  and  yXt)  are  respectively  the  i,h  and  jth  input  and  output. 


(3.37) 


The  objective  is  to  find  the  set  of  zeros  of  the  SISO  subsystem:  that  is,  complex  frequencies 

v/ht 

\| >i:,h  =  l,...,m<n  for  which  the  forced  response  to  the  non-zero  input  ujh(t)  =  u^e 
results  in  the  output  >)■/,(  0  =  0  for  all  time.  It  is  also  assumed  that  none  of  the  zeros  are  equal 
to  any  of  the  system  poles,  i.e.  there  are  no  pole-zero  cancellations.  The  forced  response  of 

v/ht  •  'Vh1 

the  state-variables  is  x h(t)  =  x/t0e  and  their  rate  of  change  is  xXt)  =  xh0 \yhe  .  Sub¬ 

stituting  for  the  driving  input  and  associated  forced  responses  in  (3.37)  results  in: 


1.  A  note  of  caution:  because  the  various  output  or  input  signals  will  be  different  (e.g.  out¬ 
put  signals  may  be  voltage,  power,  speed,  etc.),  care  should  be  taken  in  assessing  the 
effects  of  scaling. 
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(A~yhI) 

b- 

xh0 

0 

1 

dn 

uih0 

0 

The  non-trivial  solution  of  (3.38)  requires: 


Det 


T< \A~yhT) 

-i\ 

y  _  °j 

d.. 

ii\) 

=  0. 


(3.38) 


(3.39) 


Expansion  of  the  above  determinant  results  in  a  polynomial  in  t|/ h  and  the  associated  roots 
correspond  to  the  zeros  of  the  SISO  sub-system. 


Equation  (3.39)  does  not  provide  a  tractable  means  for  computing  the  zeros  of  systems  with 
more  than  a  few  state  variables.  Thus,  (3.38)  is  rewritten  in  the  form  of  a  generalized  eigen¬ 
value  problem  as  follows: 

Hvh  =  yhMvh,  (3.40) 


where  H  = 

A 

b't 

,M  = 

I  0 

and  vh  = 

xh0 

Ci 

dtj 

0  0 

um 

the  objective  is  to  compute  all  finite  values  of  \|//;  for  which  there  exist  non-trivial  solutions 
of  (3.40). 


The  well-known  QZ  algorithm  developed  by  Moler  and  Stewart  [1 3]  is  a  numerically  robust 
procedure  for  computing  \\>h  .  The  Fortran  LAPACK  library  [14]  provides  a  suite  of  subrou¬ 
tines  in  the  public  domain  that  implement  the  QZ  algorithm.  The  Matlab  function  qz  pro¬ 
vides  an  interface  to  the  appropriate  LAPACK  library  routines. 


At  the  heart  of  the  QZ  algorithm  is  the  determination  of  unitary  matrices  Q  and  Z  such 
that  both  S  =  QHZ  and  T  =  QMZ  are  upper  diagonal.  As  stated  in  [1 3]  the  two  eigenval¬ 
ue  problems  Syh  =  MQ  Tyh  and  Hvh  =  \yhMvh  are  unitarily  equivalent:  they  both  have  the 

same  eigenvalues  i|//(  and  their  eigenvectors  are  related  by  vh  =  Zyh  .  Suppose  the  hth  diag¬ 
onal  entries  of  S  and  T  are  respectively  shh  and  thh  then  \y h  =  shh/ thlj .  If  thh  is  zero,  or 
computationally  very  close  to  zero,  then  \\rh  =  oo  .  If  both  shh  and  tf  h  are  zero,  or  compu¬ 
tationally  very  close  to  zero,  then  the  system  is  said  to  be  degenerate. 

Extensions  of  the  above  approach  to  the  determination  of  the  properties  and  computation 
of  the  various  kinds  of  zeros  of  MIMO  systems  have  been  devised  by  a  number  of  investi¬ 
gators  [15,  16,  17].  Methods  for  computing  dominant  zeros  in  large  systems  have  been  de¬ 
veloped  and  implemented  by  Martins,  et  al.  [18,  19,  20], 
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3.9  Mode  shapes 

Let  us  assume  that  we  able  both  to  excite  a  particular  mode  and  to  evaluate  the  time  respons¬ 
es  of  the  states  of  the  system.  In  (3.22)  it  was  noted  that  the  response  can  be  separated  into 
its  natural  and  forced  components.  Assuming  (i)  non-zero  initial  conditions  on  the  states, 
and  (ii)  no  forcing  signals  applied  at  the  inputs  to  the  system,  we  can  write  the  equation  for 

the  natural  response  of  the  states  in  the  form  A(s)  =  (si -A)  ^vfO) . 


In  the  previous  section  a  decoupled  form  of  the  state  equations  is  derived  (3.35), 

Z  =  A  ■  z  +  B  ■  U, 

assuming  the  pseudo-states  and  the  original  states,  z  and  x  respectively,  are  related  by 
x  =  Vz .  With  no  external  excitation  at  the  inputs  and  initial  conditions  z(0) ,  the  natural 
response  is 


z(t )  =  L  |(.s7-A)  j-z(0)  =  L  diag- 
where  L{f(t)}  is  the  Laplace  transform  of  f(t) ; 


r-l 


1  1 


■s- V s-X2’  '"’s-Xn 


z(0). 


i.e.  z(t)= 


e  0  ...  0 

0  e  ...  0 


0  0  ...  e 


X.t 


z(0)  =  diagi  e  ,e  >  •  z(0) .  (3.42) 


On  expressing  the  latter  equation  in  terms  of  the  original  state  variables,  but  retaining  the 
decoupled  modes,  the  response  becomes 


x(t) 


f  Xp  X2t 
V  diag<  e  ,e  . 


IL-x(O), 


the  right  and  left  modal  matrices  ( V  and  W)  being  defined  in  (3.31).  An  alternative  form  of 
(3.42)  is 

x(t)=  X  vh e>V  wh  x(0^  (3-43) 

h  =  1 


If  we  account  for  the  fact  that  the  inner  product  of  two  vectors  is  a  scalar  we  can  rewrite 
(3.43)  as 

x(f)=  X  vh  \-wh 

h  =  1 

Let  us  assume  that  initial  conditions  on  the  states  are  set  equal  to  the  right  eigenvector  of 
the  ith  eigenvalue,  i.e.  x(0)  =  v. .  The  latter  equation  becomes 
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*(0=  Z  vh  ^wh  vi^ht  ■  (3-44) 

h  =  1 

From  (3.32),  wh  vi  =  1  when  li  =  i  and  is  zero  when  h  *  i .  Hence  the  above  equation  reduc¬ 
es  to 


x(t)=  vj  e 


(3.45) 


Thus  only  mode  i  is  excited.  Moreover, 

'Xj-t  Xtt  A ,-t 

Xx{t)  =  vue  xk(t)  =  vkl  e  ,  ...,  xn(t)  =  vnie 


(3.46) 


Note  that  each  of  the  modal  responses,  Xj  (f)  to  xn(t),  has  an  identical  form  but  their  shapes 
are  determined  by  the  initial  amplitude  v,  -  in  each  response.  Thus  for  a  given  mode,  the 
relative  amplitudes  or  shapes  of  the  responses  are  determined  by  the  associated  right  eigen¬ 
vector.  Consequently,  we  can  plot  the  mode  shapes  for  selected  modes,  these  shapes  revealing 
not  only  the  relative  amplitude  of  the  states  in  the  mode,  but  also  the  relative  phase  between 
the  responses  of  the  states.  From  (3.46)  the  relative  amplitudes  of  states  at  time  t  are 

xl:xk ,  x2:xk,. xn:xk,or\vu\:\vkj\,  ]v2-|  :  [vfa.| , ...  ,1, ...  \vni\  : \vki\ ,  (3.47) 

where  v,  -  is  the  element  with  the  largest  magnitude  among  the  selected  states  whose  mode 
shapes  are  to  be  displayed;  this  result  will  be  employed  later  in  Chapters  9  and  1 0. 

A  note  of  caution.  Prior  to  the  development  of  participation  factors  (see  Section  3.10),  the 
element  |v^.|  of  the  right  eigenvector  was  employed  to  determine  the  ‘involvement’  of  the 

state  variable  xk  in  mode  i.  A  large  relative  value  of  |vfc-|  was  assessed  as  representing  a  sig¬ 
nificant  involvement  of  xk  in  the  fJ  mode.  However,  this  is  misleading  as  the  numerical  val¬ 
ues  of  the  elements  v^.-]  depend  on  the  units  selected  (e.g.  speed  in  pu,  angle  in  rad.)  for  the 
associated  state  variables,  i.e.  they  are  not  dimensionless,  they  are  scaling  dependent.  It 
should  be  noted,  therefore,  that  the  relative  amplitude  of  the  component  |v-A| /|v;)J/;|  re¬ 
vealed  in  (3.47)  should  not  be  interpreted  as  implying  the  relative  participations  of  states  j 
and  m  in  mode  h.  The  concept  of ‘participation’  is  considered  in  Section  3.10. 

In  a  practical  application,  the  elements  in  the  right  eigenvector  corresponding  to  the  speed 
states  of  all  generators  are  selected  to  reveal  the  speed  mode-shape,  say,  for  an  inter-area 
mode.  For  such  a  mode  the  relative  phase  between  the  speed  states  reveal,  for  example,  that 
machines  in  areas  A  and  B  swing  against  generators  in  area  C.  The  plots  of  mode  shapes  and 
their  significance  in  the  analysis  of  dynamic  behaviour  of  power  systems  will  be  discussed  in 
more  detail  in  Chapters  9  and  10. 
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The  significance  of  modal  response  and  the  mode  shapes  are  most  simply  illustrated  by 
means  of  a  numerical  example. 


3.9.1  Example  3.5:  Mode  shapes  and  modal  responses 

The  state  matrix  of  a  system  is  given  by  A  = 


0  2 
-4  -6 


Determine  its  modal  responses  and  mode  shapes. 

The  eigenvalues  of  A  are  evaluated  from  the  characteristic  equation,  det  (XA-A)  =  0 ;  there 
are  two  eigenvalues,  a  slower  at  Lj  =  -2  and  a  faster  at  X2  =  -4. 

al  (3j 


Let  the  right  modal  matrix  be  V 
value  X  ]  =  -2  is  found  from  (3.29), 


a2  P2 


,  The  right  eigenvector  associated  with  the  eigen- 


Avh  =  hvh  ’ 


i.e. 

0  2 

=  -2 

aj 

^0 

1 

i  , 

a2 

a2 

Likewise,  for  X2  =  -4 , 

0  2 

Pi 

=  -4 

Pi 

-4  -6 

P2 

P2_ 

Let  a ,  =  P ,  =  1 ,  then  V  =  ^  ^ 

\-l  —2 

The  time  response,  as  given  by  (3.43),  is 
x(t) 


[V1  V2]’ 


or  (32  =  -2pi. 


and  W=  V  1  = 


r  n 

- 

2  1 

= 

wi 

1  1 

W2 

1  1 

~2t  n 
e  0 

2  1 

*!(0) 

-i  -2 

1 

0 

-i  -1 

x2(0) 

or 


xx{t) 

— 

1 

[2x1(0)+x2(0)]e  2t  + 

1 

x2(0 

-1 

_-2_ 

At 


[-xj(0)-x2(0)]e  . 

The  form  of  this  response  illustrates  a  number  of  significant  points. 


As  stated  earlier,  if  the  initial  value  of  the  states  is  equal  to  either  of  the  right  eigenvectors, 
the  associated  mode  is  the  only  mode  present  in  the  response,  e.g.  for  eigenvalue  1, 
^=-2, 


-^(0) 

1 

Xx(t) 

1 

-2t 

1 

— 

= 

? 

= 

[2xj(0)  +x2(0)]e  = 

x2(°) 

a2 

-1 

X2(t) 

-1 

-1 
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Correspondingly,  for  eigenvalue  2,  =  -4: 


*!(0) 

Pi 

1 

*i(0 

1 

x2(0) 

h 

_-2_ 

? 

x2(t) 

_-2_ 

Note  that  in  each  of  the  two  modal  responses,  the  responses  Xj(f)  and  x2(t )  are  related  by 
a  constant  factor  for  all  t ,  i.e.  Xj(f)  =  -x2(f)  for  1,  and  Xj(f)  =  -(1/2  )x2(t)  for  2.  Weob- 
serve  that 

(i)  for  both  modes,  the  responses  of  the  states  x^{t)  and  x2{t)  vary  in  anti-phase; 

(ii)  for  the  slow  mode  A  ]  =  -2  the  relative  amplitudes  of  the  two  states  are  same,  but  for 
the  fast  mode  X2  =  -4  they  differ  by  a  factor  of  two. 

Thus,  for  a  given  mode,  the  mode  shape  reveals  not  only  relative  phase  between  the  time  re¬ 
sponses  of  the  states  but  also  the  relative  amplitudes  of  the  states  in  the  modal  responses;  fur¬ 
thermore,  the  mode  shape  is  determined  by  the  right  eigenvector  of  the  associated 
eigenvalue. 

Further  insight  into  the  physical  significance  of  mode  shapes  is  provided  in  Section  9.2. 


3.10  Participation  Factors 

We  will  make  fairly  extensive  use  of  participation  factors  later,  mainly  to  determine  the  de¬ 
gree  to  which  certain  states  of  certain  generators  or  other  devices  participate  in  a  selected 
mode.  For  example,  by  examining  the  speed  states  of  generators,  the  generators  which  are 
involved  in  a  selected  mode  of  rotor  oscillation  can  be  found. 

3.10.1  The  relative  participation  of  a  mode  in  a  selected  state 

We  will  analyse  participation  factors  in  two  stages.  In  the  first  it  is  assumed  that  the  initial 
conditions  on  the  states  are  such  that  only  the  k  state  is  excited,  i.e.  x(0)  =  ek,  the  unit 
vector.  Then  (3.43)  becomes: 


xx(t) 

V11 

vi  h 

vl„ 

X,t 

Xht 

xk(t) 

Vkl 

+ 

+ 

su 

jr 

vkh 

( whke  )+•••  + 

vkn 

xn(t) 

_v 

vnh 

vnn 

Note  that,  although  only  the  k  state  is  excited,  all  eigenvalues  are  excited  by  the  unit  vector. 
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Let  us  consider  the  state  xAt),  i.e 


\\t 

xkW  =  vk\wue  +■■ 

Xhf 

•  +  vkh  whk e  +  ■ 

knt 

■■vkn  wnk  e 

A-j  / 

=  w\kvkXe  +■ 

'k/jt 

■■+whkvkhe  +• 

V 

■■wnk  vkn  e 

(3.48) 


The  participation  of  hth  eigenvalue  in  state  k  is  defined  as 

Phk=  whk  vkh  =  vkh  whk ■ 

A-j  t  Xht  ! 

Thus,  (3.48)  becomes  xk(t)  =  plk  e  +...+phke  +...pnke 
However,  from  (3.32)  we  know 


(3.49) 


I  Pjke 

h  =  1 


n  n 

Z  whk vkh  =  Z  Phk=l-  (3-50) 

k = 1  k=  1 

The  inner  product  whvh  (=  1)  is  dimensionless,  therefore  the  numbers  whk  vkh  are  also  di¬ 
mensionless  and  are  invariant  under  changes  in  the  units  of  the  state  variables  of  the  system. 
Hence  pkk  in  (3.49)  provides  a  measure  of  the  relative  extent  to  which  hth  eigenvalue  participates 
in  state  k  at  time  t  =  0  ;  p  ■ .  is  therefore  known  as  the  participation  factor  of  the  hlfl  eigen¬ 
value  in  the  k th  state.  (Note  that  since  each  mode  in  the  system  decays  at  a  different  rate  the 
relative  amplitude  of  each  mode  in  the  response  (3.48)  does  change  with  time.) 


3.10.2  The  relative  participation  of  a  state  in  a  selected  mode 

For  the  second  stage  it  is  assumed  that  the  initial  conditions  on  the  states  are  such  that  each 
state  is  excited  in  turn  by  the  unit  vector,  i.e.  x(0)  =  e.,  j  =  1 Using  (3.43)  and  the 
principle  of  superposition,  the  form  of  (3.48)  is  modified  to  the  following, 


A,,  t 

Xh‘ 

for  j 

=  1  : 

*i  (0  = 

W11 V11 
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■■ +whivihe  + 
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Xht 
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If  we  replace  whk  vkh  by  the  participation  factors,  phk  ,  the  coefficients  of  exponential 
terms  in  the  above  set  of  equations  can  be  formed  into  the  following  column  arrays. 


A,j  t 

Pu 

Xht 

Phi 

V 

Pn\ 

e  : 

P\k 

,  ...,  e  : 

Phk 

,  ...,e  : 

Pnk 

P\n 

P  hn 

Pnn 

Consider  the  hth  eigenvalue.  According  to  (3.50),  the  sum  of  the  participation  factors  in  the 
column  array  phk  is  unity.  Hence,  when  each  state  is  excited  in  turn  by  the  unit  vector,  the 
participation  factor  p hk  also  provides  a  measure  of  the  relative  extent  to  which  each  of  the  n 
states  participates  in  the  h^  eigenvalue  at  time  t  —  0. 

3.10.3  Example  3.6:  Participation  factors 

In  Example  3.4  the  right  and  left  modal  matrices  are 


1  1 

~  >’l  vJ> 

and  W  = 

2  1 

_ 

W1 

—2 

L  1  2J 

-1  -1 

W2 

these  are  associated  with  the  eigenvalues  X,j  =  —2  and  X2  =  -4  . 

The  participation  factors,  pkk=  whk  vkh  ,  for  states  xi  and  x2  in  each  of  the  two  eigenval¬ 
ues  are: 

Pn  =2,  p  12  =  -1,  for  =  -2  ,  and  p~,x  =  -1,  p2 2  =  2,  for  =  -4  . 
Likewise,  the  participations  of  the  eigenvalues  Lj  and  L-,  in  each  of  the  two  states  are: 
pn  =  2,  p 2i  =  -1,  for  x{ ,  and  pp  =  -1,  p22  =  2,  for  x2 . 

Note  for  both  eigenvalues  the  participation  factors  sum  to  one. 

Further  insight  into  the  significance  of  participation  factors  is  described  in  Section  9.3. 

3.11  Eigenvalue  sensitivities 

In  the  analysis  of  power  system  dynamics,  it  is  of  interest  to  assess  the  effect  of  the  change 
of  a  system  parameter,  or  some  element  of  the  state  matrix.  Later  we  will  need  to  examine 
the  effect  on  certain  modes  of  a  change  in  an  element  atj  of  the  state  matrix,  A  .  Earlier  we 
defined  the  relationship  between  the  state  matrix,  the  eigenvalues  and  right  eigenvectors,  i.e. 
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Differentiation  of  this  expression  with  respect  to  a;--  yields. 


dA 


dv 


h 


daij  Vh  +A  daij 


y 

dh  ,  . 

daij  V/!  h  daij ' 


Collecting  terms  and  pre-multiplying  by  the  left  eigenvector,  we  find 


dv. 


Wi, 


da- 


dA 

da 


vh ' 


y 


Since,  by  definition  wh  A  =  wh  X  ,  the  left-hand  side  vanishes.  Furthermore  wh  v/?  =  1, 

and  all  elements  except  the  i/*1  of  dA/ da ^  are  zero.  The  sensitivity  of  the  eigenvalue  Xh  to 
a  change  in  the  element  a ^  is  thus 


dXh  _  dA 

datj  W/u  datj  Vjh  ' 


(3.51) 


In  its  simplest  form  dA/da ^  =  1,  and  the  sensitivity  is  the  product  of  the  elements 
whj  and  v-h  of  the  left  and  right  eigenvectors. 


d\ 

daij  WhiVJh ' 


(3.52) 


•  a, 

=  whivih  =  Phk’ 1,e>  the 

UUij 

participation  factor  of  the  htf>  eigenvalue  in  state  i . 

Note,  however,  that  the  element  a-  in  (3.52)  may  be  a  function  of  a  device  parameter,  q , 
i.e.  atj  =  f(q).  Moreover,  several  elements  of  A  may  be  functions  of  the  same  parameter. 
The  above  analysis  can  then  be  extended  to  evaluate  the  sensitivity  of  Xh  to  changes  in  the 
parameter  q . 


In  the  case  i  =  j ,  and  a ^  =  aH,  the  eigenvalue  sensitivity  is 
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Chapter  4 


Small-signal  models  of  synchronous  generators, 

FACTS  devices  and  the  power  system 


4.1  Introduction 

In  this  chapter  various  models  of  synchronous  generators,  FACTS  devices  and  of  the  power 
system  are  developed  in  forms  which  are  employed  in  software  for  the  analysis  of  the  small- 
signal  dynamic  performance  of  multi-machine  systems.  Small-signal  models  for  the  synchro¬ 
nous  generator  are  formulated  in  Section  4.2.  An  essential  feature  of  this  analysis  is  that  the 
higher  order  coupled-circuit  representation  of  the  generator  electromagnetic  dynamic  be¬ 
haviour  is  formulated  in  Section  4.2.3.  This  is  treated  as  the  fundamental  model  from  which 
the  following  two  alternative  but  equivalent  formulations  of  the  electromagnetic  model  are 
derived.  The  first  is  the  Operational  Parameter  formulation  described  in  Section  4.2.12.  The 
second,  described  in  Section  4.2.13,  is  referred  to  as  the  Classical  Parameter  formulation  and 
is  expressed  directly  in  terms  of  the  classically-defined  standard  parameters  of  the  generator. 
The  Classical  Parameter  formulation  is  presented  because  it  is  employed  in  widely  used  pow- 
er  system  simulation  software  packages  such  as  Siemens  PTI PSS  E  [1]  and  GE  PSLF  [2], 
The  parameters  for  the  fundamental  coupled-circuit  formulation  are  the  resistances  and  in¬ 
ductances  of  the  d-  and  g-axis  circuits.  The  parameters  for  the  Operational  Parameter  rep¬ 
resentation  of  the  electromagnetic  equations  are  the  gains  and  time  constants  of  the  transfer- 
function  representations  of  the  respective  axes  and  are  collectively  referred  to  as  the  ‘exactly- 
defined  standard  parameters’.  The  Classical  Parameter  formulation  requires  the  classically- 
defined  standard  parameters.  The  relationship  and  conversion  between  the  three  parameter 
sets  are  outlined  in  Section  4.2.14. 
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Small-signal  models  of  a  range  of  FACTS  devices  are  formulated  in  Section  4.3  and  include 
those  of  the  Static  VAR  Compensator  (SVC),  Voltage  Sourced  Converter  (VSC),  Static  Syn¬ 
chronous  Compensator  (STATCOM),  and  HVDC  transmission  links.  The  general  purpose 
VSC  model  formulated  in  Section  4.3.3  is  used  as  a  component  in  the  simplified  STATCOM 
model  in  Section  4.3.4  as  well  as  for  the  rectifier  and  inverter  in  the  model  of  the  VSC 
HVDC  transmission  link  in  Section  4.3.7.  A  general  model  for  a  voltage-commutated  thy¬ 
ristor-controlled  AC/DC  converter  is  formulated  Section  4.3.8;  this  model  is  then  used  in  a 
modular  fashion  to  represent  the  rectifier  and  inverter  of  a  line-commutated  HVDC  trans¬ 
mission  link.  A  methodology  to  formulate  the  small-signal  equations  of  the  power  system  is 
described  in  Section  4.4.  Finally,  in  Section  4.5  a  general  purpose  small-signal  representation 
of  a  static  load  model  is  described. 

4.2  Small-signal  models  of  synchronous  generators 

4.2.1  Structure  of  the  per-unit  linearized  synchronous  generator  models 

Before  developing  the  details  of  the  per-unit  linearized  model  of  the  synchronous  generator 
the  overall  mathematical  structure  of  the  model  is  described  by  means  of  the  block  diagram 
in  Figure  4.1.  The  linearized  model  is  formulated  in  the  rotating  direct-  and  quadrature-axis 
(dq)  coordinate  system  in  which  the  d-axis  is  aligned  with  the  magnetic  north  pole  of  the  field 
winding  and  the  g-axis  leads  the  d-axis  by  90  deg.  (electrical).  The  model  is  linearized  about 
an  initial  steady-state  operating  point  that  is  defined  by  the  initial  stator  terminal  quantities 
which  are  typically  obtained  from  a  power  flow  solution.  The  calculation  of  the  generator 
initial  conditions  from  the  specified  terminal  quantities  is  described  in  Section  4.2.9.  The 
two  principal  components  of  the  linearized  generator  model  in  Figure  4.1  are  the  electro¬ 
magnetic  (em)  equations  and  the  shaft  equations  of  motion.  The  em  equations  comprise  a 
set  of  differential  equations  that  describe  the  dynamic  characteristics  of  the  d-  and  ^-axis  ro¬ 
tor-winding  flux  linkages  together  with  algebraic  equations  for  the  stator  voltage  compo¬ 
nents. 

As  described  in  Section  4.2.10  the  connection  of  the  generator  stator  to  the  network  requires 
the  transformation  of  the  perturbations  in  the  stator  voltage  and  current  components  in  the 
generator  dq  coordinate  system  to  the  corresponding  components  in  the  synchronously  ro¬ 
tating  Rl-network  coordinate  system1. 

There  are  two  control  inputs  to  the  generator.  The  first  is  the  perturbation  in  the  field  volt¬ 
age  (A Efd)  developed  by  the  excitation  system.  As  explained  in  Section  4.2.7  it  is  important 

to  note  that  A E^d  is  expressed  in  the  non-reciprocal  per-unit  system  of  the  generator  field. 

The  field  voltage  input  in  this  per-unit  system  must  be  converted  to  the  reciprocal  per-unit 
system  which  is  employed  in  the  formulation  of  the  generator  electromagnetic  equations. 
Similarly,  the  field  current  in  the  reciprocal  per-unit  system  must  be  converted  to  the  non- 


1.  RI  refers  to  the  Real  and  Imaginary  components  in  the  network  coordinate  system. 
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reciprocal  per-unit  system  for  use  in  the  excitation  system  model.  The  second  input  is  the 
perturbation  in  the  mechanical  torque  (A  T  )  developed  by  the  turbine  /  governor  system 

which  is  expressed  in  per-unit  on  the  generator  base  value  of  mechanical  torque.  Models  for 
the  excitation  and  turbine  /  governor  systems  are  not  included  in  this  chapter. 

The  generator  models  are  designated  by  a  code  of  the  form  ndmq-c{0,l}  in  which  n  and  m 
are  the  number  of  d-  and  q-axis  rotor-windings  respectively;  cl  and  cO  are  used  to  indicate, 
respectively,  that  unequal  mutual  coupling  between  the  d-axis  rotor  windings  is  represented 
or  neglected.  The  IdOq-cO  model  comprises  three  state-variables:  the  rotor-angle,  rotor- 
speed  and  d-axis  field  flux-linkages.  This  is  the  basis  for  the  Heffron-Phillips  model  [3,  4] 
that  is  frequently  used  for  developing  concepts  for  generator  controls.  It  is,  however,  not 
recommended  for  use  in  power  system  analysis.  The  3d3q-cl  model,  the  most  complex  mod¬ 
el  considered  in  this  work,  comprises  a  field  winding,  and  two  damper  windings  in  the  d- axis 
and  three  ^-axis  damper  windings;  unequal  mutual  coupling  between  the  d-axis  rotor  wind¬ 
ings  is  represented.  This  model  —  with  eight  state-variables  comprising  the  six  rotor-winding 
flux-linkage  variables  and  rotor  angle  and  rotor  speed  —  is  the  most  complex  model  encoun¬ 
tered  in  small-signal  analysis  of  large  power  systems.  The  most  commonly  employed  models 
in  large  scale  small-signal  stability  studies  are  the  fifth  and  sixth  order  models  2dlq-c0  and 
2d2q-c0  in  which  unequal  mutual  coupling  effects  are  neglected. 

The  formulation  of  the  em  equations  for  the  3d3q-cl  model  described  in  Section  4.2.3  is 
based  on  the  ideal  coupled-circuit  representation  of  the  synchronous  machine  for  which  the 
model  parameters  are  the  resistances,  mutual  and  leakage  inductances  of  the  windings.  As 
explained  in  Section  4.2.4  the  em  equations  developed  for  this  model  are  readily  modified 
to  represent  machine  models  with  fewer  damper  windings  in  the  respective  axes.  In  particu¬ 
lar,  the  structure  of  the  em  equations  and  their  interface  with  other  components  in  the  over¬ 
all  model  of  the  generator  are  unaffected  by  changes  in  the  number  of  damper  windings. 

The  linearized  coupled-circuit  formulation  of  the  state-  and  algebraic  equations  of  the  com¬ 
plete  generator  model  are  given  in  matrix  form  in  equation  (4.117)  on  page  133  followed  in 
Table  4.9  by  a  step-by-step  procedure  for  calculating  the  associated  coefficient  matrices. 
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oped  in  Section  4.2.11.  The  Classical  Parameter  formulation  is  developed 
in  Section  4.2.13.4.  In  the  Classical  Parameter  formulation  the  conversion 
between  the  reciprocal  and  non-reciprocal  per-unit  systems  of  the  field 
winding  is  embedded  in  the  em  equations. 


Figure  4.1  Structure  of  the  per-unit  linearized  model  of  the  synchronous  generator.  (Refer 
to  Tables  4.3  and  4.4  for  descriptions  of  the  parameter  and  variable  symbols  in  this  figure). 
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Test  procedures  that  are  used  to  identify  synchronous  generator  models  for  dynamic  analy¬ 
sis  commonly  employ  the  Operational  Parameter  representation  of  the  generator.  As  ex¬ 
plained  in  Section  4.2.12  this  representation  comprises  three  d-axis  transfer-functions  and 
one  ^-axis  transfer-function  to  completely  characterise  the  machine.  The  test  procedures 
identify  the  gains  and  time  constants  of  these  transfer-functions.  These  transfer-function 
constants  are  referred  to  as  the  “standard  parameters”  such  as  Td0  >  Td0  ’  Ld  >  Ld  >  etc-  ln 

order  to  employ  the  coupled-circuit  formulation  of  the  em  equations  when  only  the  standard 
parameters  are  provided  it  is  necessary  to  transform  the  standard  parameters  to  the  coupled- 
circuit  parameters  as  outlined  in  Section  4.2.14.  A  troublesome  aspect  of  using  the  standard 
parameters  is  that  over  the  years  two  alternative  and  inconsistent  definitions  of  the  param¬ 
eters  have  evolved.  The  ‘Exact’  definitions  correspond  to  the  exact  roots  of  the  above  trans¬ 
fer-functions.  In  the  ‘Classical’  definitions  the  d- axis  standard  parameters  are  related  to  the 
parameters  of  the  equivalent  circuit  of  the  machine  by  the  classical  relationships  which  are 
based  on  the  assumptions  that  (i)  during  the  transient  period  the  damper  winding  resistances 
are  infinite;  (ii)  during  the  subtransient  period  the  resistance  of  the  field  winding  is  zero  and 
the  resistances  of  the  second  damper  winding  is  infinite;  (iii)  finally,  during  the  sub-subtran¬ 
sient  period  the  resistances  of  the  field  and  first  damper  winding  are  assumed  to  be  zero.  In 
the  g-axis,  analogous  assumptions  are  made  to  arrive  at  the  classical  definitions  of  the  g-axis 
standard  parameters  in  terms  of  the  coupled-circuit  parameters.  It  is  important  to  know  if 
the  generator  standard  parameters  that  are  provided  conform  to  the  ‘Exact’  or  ‘Classical’ 
definitions  and  if  necessary  to  transform  them  appropriately  to  suit  the  requirements  of  the 
simulation  model  in  use.  This  is  particularly  important  for  the  q- axis  parameters. 

The  em  equations  in  some  widely-used  simulation  packages  are  formulated  directly  in  terms 
of  the  classically-defined  standard  parameters.  This  is  referred  to  as  the  Classical  Parameter 
formulation  in  this  book.  It  is  emphasised  that  the  Classical  Parameter  formulation  is  exactly 
equivalent  to  the  coupled-circuit  formulation  provided:  (i)  that  the  unequal  coupling  between  the 
d-axis  rotor  windings  is  neglected,  and  (ii)  that  the  same  method  for  representing  magnetic  satu¬ 
ration  is  employed  in  the  two  models. 

4.2.2  Generator  modelling  assumptions 

For  the  purpose  of  rotor-angle  small-signal  analysis  the  following  generator  modelling  as¬ 
sumptions  are  made: 

•  The  d-axis  is  aligned  with  magnetic  axis  of  the  field  winding  and  the  g-axis  leads  the  d- 
axis  by  90  degrees  (electrical). 

•  The  following  non-reciprocal  Park/Blondel  transform  [5,  6]  is  used  to  transform  vari¬ 
ables  in  the  stationary  abc  coordinate  system  to  the  rotating  dq  coordinate  system: 


cos(9)  cos(9-a)  cos(9  +  a) 
-sin(9)  -sin(9  -  a)  -sin(9  +  a)  a 
1  1  1 


2n 
3  ' 


2 


2 


2 


(4.1) 
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•  In  the  stator  voltage  equations  the  transformer  voltage  terms,  {pi p d)  and  (p(p?) ,  are 
omitted  because,  in  the  bandwidth  of  interest,  they  are  negligible  in  comparison  with 
the  speed  voltage  terms,  (rocpj)  and  (ffxp(/)  [7]. 

•  For  the  purpose  of  calculating  the  d-  and  q- axis  stator  voltages  the  perturbation  of  the 
per-unit  rotor-speed  ro  from  the  per-unit  synchronous  speed  ro0  is  assumed  to  be 

negligible  and  thus,  for  this  purpose,  to  =  k>0  .  Rotor  angle  and  speed  perturbations 
are,  necessarily,  represented  in  the  rotor  equations  of  motion. 

•  A  consequence  of  the  above  assumption  is  that  the  per-unit  power  transferred  across 
the  airgap  is  independent  of  perturbations  in  the  rotor  speed.  Thus,  it  is  also  necessary 
to  assume  that  the  mechanical  power  developed  by  the  turbine  is  independent  of  per¬ 
turbations  in  rotor  speed. 

•  The  generator  equations  are  expressed  in  per-unit  form  in  which  the  base  quantities 
are  summarized  in  Section  4.2. 3. 2.  In  particular,  the  /.a^-base  reciprocal  per-unit  sys¬ 
tem  is  chosen  for  the  rotor  windings  [8,  9,  10]. 

•  As  recommended  in  IEEE  Std.  421 .5  [1 1]  a  non-reciprocal  per-unit  system  is  assumed 
to  be  employed  for  the  representation  of  generator  excitation  systems.  As  explained  in 
Section  4.2.7  it  is  therefore  necessary  to  appropriately  adjust  the  scaling  of  the  field 
current  and  voltage  at  the  interface  between  the  generator  and  excitation  system  mod¬ 
els. 

4.2.3  Electromagnetic  model  in  terms  of  the  per-unit  coupled-circuit  parameters 

The  development  of  the  per-unit  generator  equations  in  the  rotating  dq  coordinate  system 
from  the  ideal  coupled-circuit  representation  of  the  synchronous  machine  in  the  stationary 
abc  coordinate  system  is  provided  in  reference  [12],  In  this  section  the  per-unit  coupled-cir¬ 
cuit  formulation  of  the  electromagnetic  equations  of  the  machine  are  listed.  These  equations 
are  then  linearized  about  the  initial  steady-state  operating  point  of  the  machine  in 
Section  4.2.11.  The  Operational  Parameter  and  Classical  Parameter  formulations  for  the  em 
equations  are  summarized  in  Sections  4.2.12  and  4.2.13  respectively. 

The  third  to  eighth-order  coupled-circuit  machine  models  require  data  in  the  form  of  the  d- 
and  q-  axis  equivalent  circuit  winding  resistances  and  leakage  and  mutual  inductances. 

Though  not  commonly  used  the  3d3q-cl  model  has  been  included  because  there  is  evidence 
in  the  literature  that  this  number  of  rotor  circuits  may  be  required  to  adequately  represent 
some  machines.  Test  methods  have  already  been  developed  to  identify  machine  models  with 
this  number  of  rotor  windings,  for  example  [13, 14,  15,  .16]  Figure  4.2  shows  the  stator  and 
rotor  winding  flux  linkages  in  terms  of  the  winding  mutual  and  leakage  inductances  and  the 
winding  currents.  The  unequal  mutual  coupling  between  the  d-axis  rotor  windings  is  repre- 
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sented  by  the  inductances  Lci  and  Zc2  which  are  referred  to  as  the  Canay  inductances.  The 

shielding  of  the  field  winding  by  the  damper  windings  has  been  identified  in  the  literature  as 
important  in  correctly  predicting  the  field  voltage  and  current  [13, 17,  18].  Unequal  mutual 
coupling  between  the  g-axis  rotor  windings  is  not  represented  since  these  windings  are  not 
directly  observable.  The  d-  and  ^-axis  equivalent  circuits  for  the  3d3q-cl  model  are  shown 
in  Figure  4.3. 


Flux  linkage  contributions: 


*P/7  =  Lfdifd 
^17  =  Lldhd 
V21  =  L2dhd 


V/i  =  Uib/iUhrf) 

(P fn  =  Lc2(ifd  +  hd+  hd) 
'Pad  =  Lad(ifd+  i\d+  hd~  id) 


<P  7  =  LA-'d) 
d- axis  rotor  winding  flux  linkages: 
tP fd  =  (P„I7+<P/7  +  (P/l  +  <P/12 

=  (Lad  +  Lfd+  Lc  1  +Lc2)‘fd  +  (Lad  +  Lcl  +  Lc2)i\d+  (Lad  +  Lc2)‘2d- Lad‘d 
<Plrf  =  (Pai7+‘Pl/+<P/1+<P/12 

=  Uw  +  Ul  +  Lc2)ifd+  (Lad  +  Lld  +  Lcl  +  Lc2)‘ld+  (Lad  +  Lc2)‘2d~  Lad‘d 
Vld  =  (Pai7+(P  27+lP/12 

=  )Lad  +  Lcl)ifd+  (Lad  +  Lc2)ixd+  (Lad  +  L2d  +  Lc2)i2d- Ladid 
d- axis  stator  winding  flux  linkages: 

Vd  =  tParf+(P7 


/ 

Id 

2d 


d: 


Lad(ifd+i\d+i2d)  )^ad+Ll)id 


Figure  4.2  Per-unit  d-axis  flux  linkage  distribution  showing  the  unequal  mutual  coupling 
between  the  rotor  windings  as  described  by  Canay  [17,  18], 


Importantly,  in  the  following  analysis,  once  the  equations  for  the  eighth-order  model  are  de¬ 
fined,  the  lower-order  coupled-circuit  models  are  readily  derived.  All  lower-order  coupled-cir¬ 
cuit  models  are  formed  by  deleting  the  equations  and  variables  associated  with  those  damper 
windings  to  be  omitted  in  the  formulation  of  the  simpler  model. 

Two  equivalent  approaches  to  the  representation  of  magnetic  saturation  are  accommodated 
in  the  formulation  of  the  model.  The  specific  details  of  the  non-linear  saturation  functions 
and  their  linearization  are  provided  in  Section  4.2.8. 

4.2.3. 1  Notes  on  vector  and  matrix  nomenclature 

The  nomenclature  in  the  following  table  applies  to  matrices  and  vectors  that  are  extensively 
employed  in  the  formulation  of  the  models. 
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Table  4.1  Vector  and  matrix  nomenclature 


Symbol 

Meaning 

X 

Denotes  a  column  vector 

X 

Denotes  a  matrix  or,  depending  on  the  context,  a  vector. 

T  T 
x\X 

Denotes  vector  and  matrix  transposition  respectively 

0 

Null  matrix  or  vector.  The  null  matrix  has  zero  rows  and/ 
or  zero  columns.  The  possibility  of  a  non-zero  number  of 
rows  or  columns  ensures  dimensional  consistency  of 
matrix  equations.  The  dimension  is  to  be  inferred  from 
the  context. 

/ 

The  identity  matrix.  The  dimension  is  to  be  inferred  from 
the  context  and  in  some  situations  may  be  the  scalar  iden¬ 
tity  (i.e.  1)  or  the  null  or  empty  matrix. 

0 

The  zero  matrix  or  vector.  The  dimension  is  to  be 
inferred  from  the  context  and  in  some  situations  may  be 
the  scalar  zero  (i.e.  0)  or  the  null  matrix. 

«  =  [l  l  ...  i]r 

Denotes  a  column  vector  whose  entries  are  all  ones.  The 

dimension  is  to  be  inferred  from  the  context. 

T 

•  If  u  is  a  n  x  1  vector  then  u  u  is  a  n  x  n  matrix  of 

all  ones. 

T 

•  U  x  is  the  sum  of  all  the  elements  in  X 

D(V,  Y)  =  X  0 

0  Yj 

Denotes  block  diagonalization  which  is  the  result  of 
appending  the  mx  x  nx  matrix  X  and  the  mv  x  nv  matrix 

Y  to  create  the  ( mx  +  mx)  x  (nx  +  nf)  matrix  as  shown.  If 
X  and  Y  are  scalars  or  diagonal  matrices  the  result  is  a 
diagonal  matrix. 

4.23.2  Summary’  of  the  generator  per-unit  system 

The  principal  base  quantities  for  the  machine  are  normally  Vusb  (kV),  S  ^  (MV A)  and  fusb 

(Hz)  which  are  respectively  values  for  the  stator  RMS  line-to-line  voltage,  the  stator  three- 
phase  apparent  power  and  the  stator  frequency.  Usually,  but  not  necessarily,  the  generator 
rated  values  of  these  quantities  are  chosen.  Additionally,  the  base  value  of  time  th  is  chosen 
to  be  one-second.  Finally,  the  relationship  between  mechanical  and  electrical  angles  requires 
knowledge  of  the  number  of  rotor  pole  pairs,  n  . 
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Figure  4.3  The  d-  (top)  and  <?-axis  (bottom)  equivalent  circuits  for  the  3d3q-cl  generator 
model  represented  by  three  rotor  windings  in  each  axis  and  unequal  mutual  coupling  be¬ 
tween  the  d-axis  rotor  windings.  (Note:  inductance  &  flux-linkage  values  are  scaled  by  1  / (a h 
because  the  base  value  of  time  is  one  second). 


The  base  values  of  the  rotor  winding  currents  and  flux-linkages  are  determined  such  that  (i) 
the  per-unit  mutual  inductances  between  all  pairs  of  windings  are  reciprocal;  (ii)  the  mutual 
inductances  between  all  d- axis  rotor  windings  and  the  stator  are  equal  to  the  per-unit  d-axis 
mutual  inductance  Lad',  (iii)  the  mutual  inductances  between  all  g-axis  rotor  windings  and 

the  stator  are  equal  to  Laq  .  Furthermore,  the  base  values  of  rotor-winding  voltages  are  cho¬ 
sen  such  that  the  form  of  the  rotor  winding  voltage  equations  in  SI  units  and  in  per-unit  are 
identical.  This  choice  of  base  values  for  the  rotor  quantities  is  equivalent  to  that  recommend¬ 
ed  by  Rankin  in  1 945  [8,  9]  and  is  referred  to  as  the  “Za(/-base  reciprocal  per-unit  system” 
[10].  It  has  gained  very  wide,  if  not  universal,  acceptance  in  the  power  system  analysis  field. 

On  the  above  basis  for  the  generator  per-unit  system  are  derived  the  base  values  for  the  me¬ 
chanical,  stator  winding  and  rotor  winding  quantities  in  Table  4.2. 
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Table  4.2  Base  values  for  generator  quantities  (Note:  a  bar  above  a  quantity  (e.g.  x) 
means  the  SI  value  and  the  subscript  ‘b’  denotes  the  base  value  of  a  quantity.). 


Base 

Quantity 

SI  Units 

Description 

Principal  base  quantities  from  which  all  other  base  quantities  are  derived 

V us  b 

kV  (rms, 
ph-ph) 

Arbitrary  choice,  but  usually  rated  RMS  phase-to-phase  stator  voltage 
(sometimes  referred  to  as  VBASE). 

Susb 

MVA 

Arbitrary  choice,  but  usually  three-phase  MVA  rating  of  the  machine 
(sometimes  referred  to  as  MBASE). 

fusb 

Hz 

Arbitrary  choice,  but  usually  rated  generator  frequency. 

(This  is  not  necessarily  the  same  as  nominal  frequency  of  the  system  to 
which  the  generator  is  connected.  For  example,  when  a  generator  rated 
at  60  Hz  is  connected  to  a  50  Hz  system  or  vice-versa). 

hpp 

Number  of  pole  pairs. 

h 

s 

Base  value  of  time  is  chosen  to  be  1  second. 

Derived  base  quantities 

Pb 

s-1 

Base  value  of  the  time  differential  operator: 

d  d  Id  ,  1,4 

p  JT  <i(y)  Tbdt  W  whe"p‘  Tb  1  8  ' 

mb 

(elec) 

rad/s 

Base  electrical  frequency:  ff> b  =  2nf  b. 

vsb 

V(peak, 

ph-n) 

Stator  base  voltage:  peak  value  of  phase  to  neutral  voltage 
vsb  =  V(273j^xl03. 

Sh 

VA 

Machine  three-phase  VA  (apparent  power)  base:  Sb  =  Susbx  106  . 

Ub 

Joules 

Base  energy:  U b  =  S^x.  tb  =  Sb  x  1  . 

'sb 

A  (peak, 
line) 

Stator  base  current:  peak  value  of  line  current  isb  =  (2/3  )(Sb/  vsb)  . 

Zsb 

Q 

Stator  base  resistance  /  impedance:  Z^b  =  vsb/ i sb  ■ 

Lsb 

H 

Stator  base  inductance:  Lsb  =  Zsb/(x>b  =  (psb/isb  . 

Vsb 

Wb-turns 

Stator  base  flux-linkages:  =  ^sbxi^b  ~  vsb/'G)b' 

®  mb 

(mech) 

rad/s 

Base  mechanical  rotor  speed:  ( i>mb  =  ©/,/ n  . 

T 

mb 

Nm 

Base  mechanical  torque:  T '  ,  =  Sb/ (i>mb  . 

Th 

Nm 

Base  electrical  torque:  Tm  =  Tmb/Tmb. 
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Base 

Quantity 

SI  Units 

Description 

f/-axis  rotor  quantities 

(per-unit  unsaturated  d- axis  mutual  inductance  Lad  =  Lacj/Lsh  is  used  in  the  following.) 

>fdh 

A 

Base  field  current  in  the  reciprocal  per-unit  system  of  units: 
fidb  =  (Ladfi?sb)/Lafd  =  (Lad/Lafd)isb. 

efdb 

V 

Base  field  voltage  in  the  reciprocal  per-unit  system:  e^b  =  Sb/ ij-^h  . 

1fdb 

A 

Base  field  current  in  the  non-reciprocal  per-unit  system: 

Ifdb  =  lfdb/Lad- 

Efdb 

V 

Base  field  voltage  in  the  non-reciprocal  per-unit  system: 

Efdb  =  7 fd  x  \ fdb  ’  7 fd  7S  t^le  field  resistance  in  Q  at  the  specified  tem¬ 
perature. 

lkdb 

A 

Base  current  of  the  af-axis  damper  windings: 

fidb  =  ^Ead^sb^Eakd  =  (4/4h)'s(i  '  k  =  1>  2  • 

Vkdb 

V 

Base  voltage  of  the  d- axis  damper  windings: 
vkdb  =  Sb/lkdb  ’  k  =  1’2’ 

(P 'fdb  ’  Vldb’ 

Wldb 

Wb-turns 

Base  flux-linkages  of  d- axis  rotor  windings: 

Vfdb  =  vfdb/(0b  >  4>i  db  =  V1  db/<ab  &  ^2 db  =  v2 db/(0b- 

rfdb  >  rl  db  ’ 

r2db 

Q 

Base  resistance  of  the  d- axis  rotor  windings: 

rfdb  =  vfdb/ifdb >  rl db  =  v\db/i\db  &  r2 db  =  v2db/l2db' 

(/-axis  rotor  quantities 

(per-unit  unsaturated  (/-axis  mutual  inductance  Laq  =  Laq/Lsh  is  used  in  the  following.) 

i kqb 

A 

Base  current  of  the  (/-axis  damper  windings: 

*kqb  —  ^Eaq^sb)/Ecikq  ~  ad^E akq)i sb  ’  k  ~  1,  ...,3. 

Vkqb 

V 

Base  voltage  of  the  q- axis  damper  windings: 
vkqb  =  Sb/ikqb>  k  =  •”>  3  • 

4*  kqb 

Wb-tums 

Base  flux -linkages  of  the  (/-axis  damper  windings: 

Vkqb  =  vkqb/<0b’  k  =  •••>  3  . 

rkqb 

Q 

Base  resistance  of  the  q- axis  damper  windings: 
r kqb  =  vkqb//ikqb  ’  k  =  •••>  3  • 

4.23.3  Parameter  and  variable  definitions 

The  parameters  and  variables  used  in  the  formulation  of  the  model  are  listed  in  Tables  4.3 
and  4.4  respectively  together  with  their  base  values  as  defined  in  Table  4.2. 
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Table  4.3  Summary  of  the  parameters  in  the  per-unit  coupled-circuit 
representation  of  the  3d3q-cl  synchronous  machine  model. 


Per-unit  Parameter 

Base  Value 
(see  Tab.  4.2) 

Description 

(ah 

n/a 

The  base  frequency  (elec,  rad/ s)  which  appears  explic¬ 
itly  in  the  per-unit  equations  due  to  the  choice  of  one 
second  as  the  base  value  of  time. 

H 

(2  Ub)/a2h 

Aggregate  inertia  constant  of  the  generating  unit. 

Refer  to  Appendix  4— II.2  for  derivation. 

D 

Tmb/(amb > 
Tb/(0b 

Aggregate  incremental  mechanical  damping  torque 
coefficient  of  the  generating  unit.  Refer  to 

Appendix  4-II.2  for  derivation. 

rs 

Zsb 

Stator  resistance,  assumed  identical  in  the  d-  and  q- 

axes. 

h 

Lsb 

Stator  leakage  inductance,  assumed  identical  in  the  d- 
and  q-  axes. 

L  .  ,L 

adu  ’  a1u 

Lsb 

Respectively  the  d-  and  g-axis  unsaturated  airgap 
mutual  inductance  between  the  corresponding  stator 
and  rotor  windings. 

L adq  ad  ^ aq\ 

Lsb 

The  operating  point  dependent  values  of  the  d-  and  q- 
axis  mutual  inductances.  (Note:  Laciq  maY  be  a  varia¬ 
ble  depending  on  the  method  used  to  represent  mag¬ 
netic  saturation). 

rfd ’  r\d ’  r2d 

rfdb  >  rl  db’ 

r2db 

Resistances  of  the  field  winding  and  the  first  and  sec¬ 
ond  d- axis  damper  windings  respectively. 

Lfd’  L\d’  L2d 

See  Note  (1) 

Leakage  inductances  of  the  field  winding  and  the  first 
and  second  d- axis  damper  windings  respectively. 

These  inductances  represent  flux  that  links  only  their 
respective  windings. 

Lcl 

Mutual  inductance  between  the  field  and  first  damper 
winding  which  represents  flux  linkages  between  these 
windings  but  which  do  not  link  the  stator  or  the  sec¬ 
ond  damper  winding.  To  neglect  unequal  coupling 
between  the  cf-axis  rotor  windings  Lcl  =  Lc~,  =  0. 

Lc2 

Mutual  inductance  between  the  three  d- axis  rotor 
windings  which  represents  flux  that  links  all  three  d- 
axis  rotor  windings  but  not  the  stator. 

rlq’r2q’r3q 

rl qb’  r\ qb’ 

r2qb 

Resistances  of  the  three  q- axis  damper  windings. 

Sec.  4.2 


Parameter  and  variable  definitions 


101 


Per-unit  Parameter 

Base  Value 
(see  Tab.  4.2) 

Description 

L\ q’  L2q’L3q 

See  Note  (2) 

Leakage  inductances  of  the  three  q- axis  damper  wind¬ 
ings.  Note  that  unequal  coupling  between  the  q- axis 
rotor  windings  is  not  represented  since  the  tjr-axis  is 
observable  only  from  the  stator. 

(1)  The  d- axis  rotor-winding  per-unit  inductance  matrix  Lrd  =  Laduu  +  Llrd  =  (  tt) ‘rdbL"i'rdb 
defined  in  terms  of  the  corresponding  matrix  L,.d  in  terms  of  SI  units  where  the  d- axis  rotor¬ 


winding  leakage  inductance  matrix  Llri  is  defined  in  (4.19),  Lrd 


Lffd  Lfld  Lfld 
Lfld  Ll  Id  L\2 d 
Lfld  L\ld  L22d_ 


(H)  and 


h-db  ®  (’fdb’  hdb’  hdb)  ■ 


T  /CD  A  - 

(2)  The  g-axis  rotor-winding  per-unit  inductance  matrix  Lrq  =  Laquu  +  Llrq  =  (— j irdqLrqirqb 


defined  in  terms  of  the  corresponding  matrix  Lrq  in  terms  of  SI  units  where  the  q- axis  rotor-wind¬ 


ing  leakage  inductance  matrix  Llrq  is  defined  in  (4.20),  Lrq  = 

Kqb  =  ®(l'l qb’  hqb’  l2qb>  ' 


11  q  Lllq  Ln q 
12 q  L22 q  L21q 
LUq  L21  q  LHq_ 


(H)  and 


In  the  literature  on  models  of  generators  reference  is  often  made  to  per-unit  machine  reac¬ 
tances  (e.g.  Xd,  X, ,  etc.)  rather  than  per-unit  machine  inductances  (e.g.  Ld,  LA.  In  this 

book  we  adopt  per-unit  machine  inductances.  It  should  be  noted  that  in  the  per-unit  system 
used  the  values  of  per-unit  reactances  and  inductances  can  be  used  interchangeably. 
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Table  4.4  Summary  of  variables  in  the  per-unit  coupled-circuit  representation  of  the 

3d3q-cl  synchronous  machine. 


Variable  (in  per-unit) 

Base  Value 
(see  sec.  Tab.  4.2) 

Description 

V~dq  = 

vsb 

d-  and  <7-axis  stator  terminal  voltage  respec¬ 
tively. 

l~dq  = 

'sb 

d-  and  <7-axis  stator  winding  current  respec¬ 
tively.  Direction  of  positive  stator  current  is 
from  the  generator  into  the  network. 

? adq  = 

fyad  <P  J 

Vsb 

d-  and  <y-axis  airgap  flux  linkages  respectively. 

Vdq  = 

?d  V^ 

Vsb 

d-  and  q- axis  stator  flux  linkages  respectively. 

Vrd  = 

T 

_«P fd  V\d  <P2rf] 

\vfdb  V\db  V2  db\ 

d- axis  rotor  flux  linkages  in  which  subscripts 
‘fd’  refers  to  the  field  winding  and  ‘Id’  and  ‘2d’ 
refer  respectively  to  the  first  and  second  d- axis 
damper  windings. 

N" 

T 

V\q  V2q  <P3J 

\v\qb  V2qb  Vlql\ 

g-axis  rotor  flux  linkages  in  which  the  sub¬ 
scripts  ‘lq’,  ‘2q’  and  ‘3q’  refer  respectively  to 
the  three  q- axis  damper  windings. 

II 

1  o  1 

O 

,  £ 

\ffdb  V1  db  v2 db\ 

d-axis  rotor-winding  voltages  in  which  is 

the  per-unit  field  winding  voltage  in  the  recip¬ 
rocal  base  system.  The  damper  windings  are 
short-circuit  so  their  voltages  are  zero. 

>s 

II 

ooo]r 

[V1  qb  V2 qb  V3 qb\ 

q- axis  rotor  winding  voltages  are  identically 
zero  since  the  damper  windings  are  short-cir¬ 
cuit. 

Ird  =  [ 

ifd  hd  l2d\ 

\jfdb  hdb  '2  db\ 

d- axis  rotor  winding  currents.  ij-d  is  the  per- 

unit  field  winding  current  in  the  reciprocal 
base  system. 

l~rq  =  [ 

llq  h q  ?3 J 

[*1  qb  '2qb  '3 qb\ 

q- axis  rotor  winding  currents. 

Note:  For  compactness  the  d-  and  q- axis  rotor  winding  variables  are  aggregated  as  follows: 


Vrd 

Vrd 

1 

1 

? rq 

IX. 

►ft 

1 

V~rq 

’  ~rdq 

Irq 

Jr, 

F  r, 

Jr  ,, 

F 

Per-unit  field  current  and  voltage  respectively 

*fd’ 

nfd 

jdb 

nfdb 

in  the  non-reciprocal  base  system. 
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Variable  (in  per-unit) 

Base  Value 
(see  sec.  Tab.  4.2) 

Description 

~sdq  \fsd  4g]  ’ 

\lfdb  Hqi 

The  demagnetizing  components  of  the  d-  and 
g-axis  excitation  current  that  is  required  to 
account  for  the  effects  of  magnetic  saturation 
in  the  respective  axes.  This  saturation  excita¬ 
tion  current  is  incorporated  in  the  model  only 
if  the  second  method  of  saturation  modelling 
in  Section  4.2. 8.2  is  employed. 

4 dq  =  [lsd  4  J  Where 

4 d  ~  Ladulsd 

1  =  L  i 

SCI  actu  sq 

ifdb/Ladu 

l_lqb/Laqu\ 

As  above,  but  the  non-reciprocal  per-unit  sys¬ 
tem  is  employed.  This  representation  of  the 
demagnetizing  effects  of  magnetic  saturation  is 
employed  in  the  Classical  Parameter  formula¬ 
tion  of  the  em  equations  in  Section  4.2.13. 

5 

(elec,  rad) 

Relative  rotor  angle  being  the  angular  position 
of  the  d- axis  with  respect  to  the  synchronously 
rotating  network  reference  (in  elec.  rad). 

0 

(elec,  rad) 

Stationary  rotor  angle  being  the  angular  posi¬ 
tion  of  the  d- axis  with  respect  to  a  stationary 
reference  (in  elec.  rad). 

CO 

cob 

Rotor-speed. 

®0 

G>b 

Synchronous  speed.  Note,  if  the  nominal  sys¬ 
tem  frequency  is  equal  to  the  generator  base 
frequency  then  (Oq  =  1  . 

Pe 

Sb 

Electrical  power  output. 

TS 

T 

mb 

Electromagnetic  (or  airgap)  torque. 

4. 2. 3. 4  Summary  of  the  coupled-circuit  formulation  of  the  generator  electromagnetic  equa¬ 
tions 

Summarized  below  are  the  per-unit  coupled-circuit  equations  describing  the  electromagnet¬ 
ic  behaviour  of  the  generator  in  the  rotating  dq  coordinate  system.  These  equations  are  de¬ 
veloped  from  first  principles  in  [1 2] . 


The  d-  and  q-a.xis  rotor-winding  voltage  equations  are  respectively: 


<P fd 

1 

rfd 

0 

0 

lfd 

*Pl  d 

0 

efd~ 

0 

r\d 

0 

l\d 

_«P2  d 

0 

0 

0 

r2  d_ 

4  d 

and 


(4.2) 
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‘Pi? 

o 

o 

, 

'i<? 

Vlq 

1 

II 

o 

<N 

!k 

o 

'2  q 

o 

o 

''S 

u> 

!h 

These  equations  are  conveniently  expressed  in  the  following  compact  forms: 


(4.3) 


P?rd  =  bredefd-™brrdird  m  which  rrd  =  ®(rfd,  ru,  r2d) ;  bred  = 
and  PVrq  =  -nb\qirq  in  which  rfq  =  S(r1(?,  r2q,  r3q) . 


(4.4) 

(4.5) 


The  above  equations  are  combined  as  follows. 

(4.6) 

(4.7) 

(4.8) 


Rotor  Voltage  Equations 

Pfrdq 
in  which  r. 


“((0 brrdq)irdq  +  hreefd > 


rdq 


and 


bre  = 


red 

o 


where  b 


red 


[“* 0  °] 


The  per-unit  flux  linkage  equations  for  the  d-axis  are  presented  in  terms  of  the  winding  mu¬ 
tual  and  leakage  inductances,  and  the  winding  currents  based  on  Figure  4.2  on  page  95.  As 
mentioned  earlier,  the  flux  linkages  of  the  g-axis  windings  neglect  unequal  coupling  between 
the  q- axis  rotor  windings.  This  is  valid  because  the  ^-axis  is  observable  only  from  the  stator. 
Consequently  an  equivalent  circuit  that  assumes  equal  coupling  between  the  (/-axis  rotor 
windings  can  be  identified  that  represents  the  observable  g-axis  behaviour. 

Referring  to  Figure  4.2  the  d-axis  mutual  (or  airgap)  flux  linkages  are: 

T  T 

Vad  =  Lad(ifd+ild+i2d~id )  =  Lad(u  Grf-'rf)’where  «  =  [l  1  l]  (4'9) 

and  analogously  the  g-axis  mutual  flux  linkages  are: 

<b  =  L  (i,  +  i~  +  /,  —  i  )  =  L  ( uT  i  —i).  (4.10) 

aqy  1  q  2  q  5q  q'  aqy  ~rq  q '  V  > 

The  values  of  Lad  and  Laq  depend  on  the  method  used  to  represent  magnetic  saturation. 
Two  mathematically  equivalent  methods  for  representing  magnetic  saturation  are  consid¬ 
ered.  In  the  following,  the  method  is  denoted  by  the  parameter  s  =  1  if  the  first  method 

is  being  used,  or  s  =  2  for  the  second  method.  If  magnetic  saturation  is  to  be  neglected 
then  sm  =  0  . 
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The  first  method  for  representing  magnetic  saturation  {s m  =  1 )  is  described  in  detail  in 

Section  4.2. 8.1.  In  this  method  it  is  assumed  that  the  airgap  mutual  inductances  are  non-lin¬ 
ear  functions  of  the  airgap  flux  linkages  whereas  the  leakage  inductances  in  both  axes  and 
the  unequal  mutual  inductances  between  the  d-axis  rotor  windings  are  assumed  to  independ¬ 
ent  of  the  fluxes  linking  them  and  are  therefore  constant  parameters.  Thus,  in  this  method: 

Lad  =  Lad^ad’  Vaq)  >  L  aq  =  Laq^ad>  <P aq)  •  C4'11) 

In  the  second  method  {s m  =  2),  for  which  the  details  are  provided  in  Section  4.2. 8.2,  the 
unsaturated  values  of  the  airgap  mutual  inductances  are  retained;  instead  the  components  of 
the  excitation  current,  isd  and  isq ,  necessary  to  represent  the  demagnetizing  effect  of  satu¬ 
ration  in  the  respective  axes,  are  deducted  from  the  excitation  current  in  equations  (4.9)  and 
(4.10)  respectively,  i.e. 


r  h 

f 

r 

Vad 

Lad 

0 

T 

u  0 

Ird 

>d 

—  s~ » 

hd 

9- 

0 

V 

T 

0  u 

lrq_ 

u 

2 

i 

LscnJ 

f  1  if  s  =  2 

where  =  ]  •  (4.13) 

(0  otherwise 

If  method  2  is  being  used  to  represent  magnetic  saturation  then  the  unsaturated  values  of  the  air- 
gap  mutual  inductances  are  used  in  the  equations  (i.e.  Lad  =  Lad  and  Laq  =  Laq  ). 

As  explained  in  Section  4.2. 8.2  the  demagnetizing  currents  which  account  for  the  effect  of 
saturation  are  non-linear  functions  of  the  airgap  flux  linkages: 

lsd  =  lsd^ad’^aq)  ’  lsq  =  1  sq^ad’  <P aq)  '  (444) 

Defining  un  =  D{u,u)  results  in  the  following  compact  matrix  equation  for  the  d-  and  q- 
axis  airgap  flux  linkages: 


Airman  Mutual  Flux  Linkage  Eauations 

? adq 

=  Ladq(U2irdq-idq-S2isdq )>  ^  which 

II 

53- 

<3 

®(LaAVad>Vaq)>Laq(Vad>Vaqfi  lfsm=  1 
®(Ladu’Laq)=Ladqu  otherwise 

and  ^2  =  i 

[0  otherwise 

(4.15) 

(4.16) 


(4.17) 
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The  d-  and  (j-axis  rotor  winding  flux -linkages  are  expressed  in  terms  of  the  mutual  and  leak¬ 
age  flux  linkages  as  follows: 

^rd  =  <P adU  +Llrdird  and  Vrq  =  <P aqu  +  LlrqLrq  •  (4'18) 

in  which  the  d-  and  ^-axis  rotor  leakage  inductance  matrices  are  respectively: 


Llrd 


Jfd  +  Lc\+Lc2 )  (Lcl+LcZ> 

Lc2 

(^cl+^c2)  (L\d  +  Lc\  +  Lc2) 

Lc2 

and 

(4.19) 

LC2  Lc2 

(L2d  +  Lc2\ 

Llrq  =  L2q’  L3  q> 

(4.20) 

From  (4.18)  the  rotor  winding  flux  linkage  equations  are  written  in  the  following  compact 
form: 


Rotor  winding  flux-linkage  equations 

^rdq  =  “Wadq  +  Ltrdqirdq  in  which  =  ©  (£/r*  L,rq)  . 


(4.21) 


The  stator  winding  flux  linkage  equations  are: 


<Pd 

Vad 

h  o 

'd 

vaq_ 

0  L, 

u 

which  have  the  following  compact  form: 

Stator  winding  flux-linkage 

equations 

^dq  ~  ? adq~Lli~dq 


(4.22) 


(4.23) 


The  generator  d-  and  g-axis  stator  voltage  equations  in  which,  consistently  with  the  model¬ 
ling  assumptions  in  Section  4.2.2,  both  the  transformer  voltages  and  the  rotor-speed  pertur¬ 
bations  are  neglected  are: 


vd 

_  _ 

rs  0 

'd 

+  ro0 

0  -1 

<P  d 

V<L 

0  r  s. 

1  0 

?<L 

(4.24) 


which  are  expressed  in  the  following  compact  form: 
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Stator  winding  voltage  equations 


~dq 


-rsidq  +  G>owdqvdq 


where  Wdq  = 


0  -1 
1  0 


(4.25) 


The  electromagnetic  behaviour  of  the  machine  is  characterised  by  the  differential  equations 
for  the  rotor  winding  voltages  (4.6)  and  the  algebraic  equations  for  the  airgap  flux  linkages 
(4.15),  the  rotor  winding  flux  linkages  (4.21),  the  stator  winding  flux  linkages  (4.23)  and  the 
stator  voltages  (4.25). 

4. 2. 3. 5  Linearization  of  the  coupled-circuit  formulation  of  the  electromagnetic  equations 
The  coupled-circuit  formulation  of  the  generator  electromagnetic  equations  in  the  previous 
section  are  now  linearized  about  the  initial  steady-state  operating  point  of  the  machine.  The 
procedure  for  determining  the  initial  steady-state  values  of  the  generator  quantities  from  the 
power  flow  solution  of  the  generator  stator  terminal  quantities  is  given  in  Section  4.2.9.  All 
of  the  electromagnetic  equations  are  linear,  apart  from  the  airgap  flux-linkage  equations.  The 
linear  equations  are  linearized  trivially  by  replacing  the  variables  with  their  perturbed  values 
(i.e.  replace  x  with  Ax). 


Equation  (4.15)  for  the  airgap  mutual  flux-linkages  is  firstly  linearized  for  the  case  in  which 
saturation  method  1  (i.e.  s  =  1 )  is  used.  The  initial  steady-state  values  of  the  saturated  air- 

gap  mutual  inductances  are  (Zai^,  Laq^)  and  the  corresponding  flux  linkages  are 

(tp ad  ,  g>aq  ) .  The  perturbations  in  the  airgap  flux  linkages  are: 


r,  . 


Am  ,  =  L  .  (u-,Ai  ,  -  A i,  )+s,C 
I  adq  aaqA  2  ~rda  -da'  1  , 


Jadq0 


rdq  ~dq> 


'aldqA~adq  ’ 


in  which  L 


adq0 


®(Lad0’  Laq „) 


Caldq0  ® 


j 

K^ad0  L aqj 


and 


(4.26) 

(4.27) 


1  if  A*  =  1 
0  otherwise 


(4.28) 


If  saturation  method  2  (i.e.  sm  =  2)  is  used  then  the  linearized  airgap  flux  linkage  equations 
are: 

A(P adq  =  Ladq(UWrdq  ~  ALdq  ~  S2A>sdq )  '  (4'29) 


It  is  noted  that  the  two  methods  of  representing  magnetic  saturation  are  mutually  exclusive. 
Thus,  it  is  convenient  to  define  the  “saturation  variable”  z  depending  on  the  method  used 
to  represent  magnetic  saturation: 
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= 


(A^adq  'fSm  =  1 
Al~sdq  [fsm  =  2 


(4.30) 


0 


if.' 


=  0 


As  mentioned  earlier  the  definition  of  the  airgap  mutual  inductance  matrix  also  depends  on 
which  saturation  method  is  employed,  as  formalized  by  the  following  definition: 


J  adq 


Jadq0 


^dqu 


D(L 


)  if  Sm  =  1 


ad0 ’  aq0 
®  (Ladu>  Laq )  otherwise 


(4.31) 


From  equations  (4.26)  and  (4.29)  the  saturation  coefficient  matrix  Casdq  is  defined  as: 


'  asdq0 


^ aldq0  Sm  ^ 

-L  .  if.?  =  2 

adq  m 


0 


if  S'  =  0 


(4.32) 


Thus  the  linearized  matrix  equation  for  the  airgap  mutual  flux  linkages,  which  is  applicable 
to  either  method  of  representing  magnetic  saturation,  is: 

A^adq  =  Ladq(U2Al~rdq  ~  Ai~dq)  +  Casdq0Az~s  '  (4'33) 


It  will  be  shown  in  Section  4.2.8  that  the  perturbation  in  the  saturation  variable  is  related  to 
perturbations  in  the  airgap  mutual  flux  linkages  by  the  operating  point  dependent  matrix 
Csadq„  aS  follows: 


Az~S  =  CsadqA(P 


adq  ’ 


in  which  Csadqo 


Cladq0  lf  Sm  =  1 
C madq0  4  S m  2 

.0  if  ^  =  0 


(4.34) 


(4.35) 


where  Cladq°  is  defined  in  (4.73)  on  page  123  and  Cmadq  is  defined  in  (4.80)  on  page  124. 


Thus,  from  equations  (4.6)  on  page  104,  (4.21),  (4.23),  (4.25),  (4.33)  and  (4.34)  the  differen¬ 
tial  and  algebraic  equations  describing  the  electromagnetic  behaviour  of  the  machine  are  lin¬ 
earized  about  the  initial  steady-state  operating  point  of  the  machine  to  yield: 
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PA<- P 


~<<0brrdq>Airdq  +  breAefd 


0  =  “2  A(?adc,  +  LlrdqAirdq-A(? 


rdq 


0  =  V  «2  -  AW  +  Casdq,Hs  -  A<f 


-rdq 


dq> 


isdq0 


l  adq 


®  ~  CsadqA^adq~  A~s 

0  =  -^Ai^  +  ®o^A?A/-A^ 


(4.36) 


The  above  equations  are  rewritten  in  the  following  matrix  form: 


M< P 

0 

0 
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rdq 


0  0 


-i 
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V  rdq’ 
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0 
0 
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-I 
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®0  Wdq 


0 

0 


0 
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C asdqn  L ndq 


0 

-I 

0 


-L,I  0 
0  0 


- 

A(P  rdq 

ALrdq 

\e 

A(P  adq 

0 

A(?dq 

+ 

0 

0 

Azc 

~s 

0 

r 

Aldq 

0 

l 

< 

Aefd  (4.37) 


In  order  to  consolidate  the  structure  of  the  above  equations  it  is  convenient  to  define  the 
following  consolidated  vector  of  n_  algebraic  variables: 


Az~e 


Ai~rdq 

A(P  adq 

A(?dq 


(4.38) 


and  the  associated  consolidated  matrix  coefficients: 
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-I 

Llrdq  U2 

0  0 

^brrdq) 0  0  0 

II 

0 

ft 

r  = 

5  ^  ee 

LadqU 2 

0  ^ asdq0 

U 

0  I 

-I  0 

0 

0  Csadq0 

0  -I 

cei  = 


Ladq 

V 


Cve  =  [0  0  (O0Wd9  0 


(4.39) 


Substitution  of  the  quantities  in  (4.38)  and  (4.39)  into  (4.37)  results  in  the  following  compact 
form  of  the  linearized  electromagnetic  equations: 


PA(?rdq 

0 

0 

o  c..  o  o 


C  C  C  O 

er  ee  ei 


-1 

A(p  rdq 

Ke 

A  z 

+ 

0 

33-i 

•33 

<1 

0 

"33 

>> 

< 

Ae 


fd 


(4.40) 


These  equations  preserve  the  important  structural  characteristics  of  the  underlying  coupled- 
circuit  model  and  the  elements  in  the  coefficient  matrices  have  a  simple  form.  For  these  and 
other  reasons  it  may  be  desirable  to  implement  the  generator  model  in  the  form  of  (4.40) 
without  eliminating  the  internal  algebraic  variables  A ze  .  Flowever,  it  is  also  straight  forward 

to  eliminate  A zg  from  (4.40)  as  follows: 


PA<?rdq 

ba 

A(P  rdq 
A  z  , 

+ 

Ke 

0 

C  D  -I 

vr  vi 

'  >  1 
a-  »■ 

0 

Ae 


fd 


(4.41) 


in  which  Ay  =  CreJer,  B,  =  CreJei,  C,„.  =  CyeJer  and  Dy.  =  CveJei~r /,  (4.42) 

where  J er  =  -C~\Cer  and  Jg.  =  -C~\cei.  (4.43) 

The  perturbations  in  the  algebraic  variables  are  given  by: 

Az~e  =  JeA<?rdq  +  Je£idq-  (4-44) 

Suppose  a  subset  of  the  generator  algebraic-variables  in  (4.38)  is  required  as  output  variables 
A y  from  the  generator.  Let  k{,  i  =  1, ...,  ny  be  the  index  in  A z£  of  the  ith  output  variable. 
Then, 

Ay  =  Sa,Az 
SZ  5 


(4.45) 
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n  x  nz 

in  which  S  £  91  ",  Sgz(i,  &,•)  =  1,1=  1,  ...,  ny  and  all  other  elements  of  Sa„  are  ze¬ 

ro.  Substituting  for  A z£  from  (4.44)  into  (4.45)  yields  the  following  output  equation  in  terms 
of  the  generator  state-variables  and  stator  current  components: 

=  0 W^rdq  +  W,  •  (4-46) 

For  example,  in  order  to  monitor  (i)  the  generator  field-current  set  kt  =  1 ,  or  (ii)  the  d-axis 
airgap  flux-linkages  set  kt  =  (nd  +  n  )  +  1  . 

The  equations  for  perturbations  in  AC  terminal  quantities  such  as  the  voltage  magnitude  and 
angle,  real  and  reactive  power  output,  current  magnitude,  are  formulated  for  FACTS  Devic¬ 
es  in  Section  4.3.1.  These  equations,  which  are  calculated  in  terms  of  the  perturbations  in 
the  voltage  and  current  components  in  the  RI  network  frame  of  reference  are  also  applicable 
to  the  generator  stator  terminal. 

4.2.4  Alternative  d-  and  </-axis  rotor  structures 

The  model  development  so  far  has  been  based  on  a  representation  with  three  rotor  windings 
in  each  axis  and  in  which  the  unequal  mutual  coupling  between  the  d-axis  rotor  windings  is 
represented  by  means  of  the  Canay  inductances  (i.e.  model  3d3q-cl).  A  suite  of  simpler  mod¬ 
el  structures  that  are  commonly  employed  in  practice  is  readily  extracted  from  the  3d3q-cl 
model.  The  modifications  to  the  rotor  winding  variables  and  parameters  required  to  repre¬ 
sent  a  range  of  alternative  rotor  structures  are  summarized  in  the  following.  Once  these 
modifications  are  made  the  formulation  of  the  linearized  equations  of  the  generator  in  ma¬ 
trix  form  proceeds  independently  of  the  number  of  rotor  windings. 

Models  of  d-axis  rotor  structures  with  a  field  winding  and  respectively  nj.j  =  0,  1  and  2 
damper  windings  for  a  total  of  n^  =  1,2  and  3  rotor  windings  are  developed.  Cases  with  two 
or  three  d-axis  rotor  windings  represented  are  provided  which  either  neglect  (c  =  0)  or  in¬ 
clude  (c  =  1)  unequal  coupling  between  the  rotor  windings.  Definitions  are  given  in 
Table  4.5  for  the  d- axis  rotor-winding  variables  cp  and  ird  ,  the  associated  resistance  and 

leakage  inductance  parameters  rrd  and  ,  and  the  input  matrix  bred  for  the  resulting  five 
alternative  structures. 
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Table  4.5  Summary  of  c/-axis  rotor  variables  and  parameters  with  one,  two  or  three 
rotor  windings  and  with  the  inclusion  (c  =  1)  or  exclusion  (c  =  0)  of  unequal  coupling 

between  the  rotor  windings. 


nd 

Id 

bred 

rrd 

c 

L/rd 

1 

1 

<9fd 

ifd 

“i 

rfd 
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Lfd 
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9fd 
<Pi  d_ 

lfd 

jld_ 
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rfd’rld ) 
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Wf*Lu) 
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i 

(Lfd  +  Lcl)  Lcl 

Lcl  (L\d  +  LcD 

4 

3 

<S>fd 

<Pid 

_<P2  d_ 

1 fd 

hd 

hd_ 

“ft 

0 

0 

®(rfd’rld’r2d) 

0 

®(Lfd’Lld’L2d) 

5 

i 

(Lfd  + Lcl+ Lc2)  ( Lcl+Lc2 )  Lc  2 

(Lc{+Lcl)  (Lld  + Lcl+ Lc2)  Lc2 

Lc2  Lc2  (.L2d  +  Lc2) 

Note  that  the  leakage  inductance  matrices  for  rotor  structures  #2  and  #4  which  neglect  un¬ 
equal  coupling  between  the  rotor  windings  (i.e.  c  =  0)  can  be  obtained  from  the  correspond¬ 
ing  matrices  for  rotor  structures  #3  and  #5  (i.e.  c  =  1)  by  setting,  in  the  latter  structures,  the 
rotor  mutual  inductances  Lci  and  ic2  to  zero. 

Table  4.6  presents  definitions  of  the  g-axis  rotor-variables  tp  ,  irc/  and  the  associated  re¬ 
sistance  and  inductance  parameters  r  and  L/rlj  for  four  g-axis  rotor  structures  with 
nq  =  0,  1,  2  or  3  damper  windings. 

Table  4.6  Summary  of  g-axis  rotor  variables  and  parameters  with  zero  to  three  rotor 

windings. 
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4.2.5  Per-unit  electromagnetic  torque  and  electrical  power  output 

The  per-unit  equations  for  the  electromagnetic  torque  and  electrical  power  output  of  the 
machine  presented  below  are  developed  from  first  principles  in  [12], 

Under  balanced  conditions  the  non-linear  per-unit  equations  for  the  electrical  power  output 
and  electromagnetic  torque  are  respectively: 

Pe  =  idVd+iqVq  and  Tg  =  (4'47) 

It  is  instructive  to  express  the  per-unit  generator  power  output  in  terms  of  the  stator  currents 
and  flux  linkages  by  eliminating  from  equation  (4.47)  the  stator  voltages  by  substitution 
from  equation  (4.24)  on  page  106  to  yield: 

Pe  =  -  V'd)  “  +  '  (448) 

It  is  important  to  recall  at  this  point  that  (4.24)  neglects  the  transformer  voltage  terms  and 
rotor-speed  perturbations  in  the  speed  voltage  terms.  Therefore  the  electrical  power  equa¬ 
tion  in  (4.48)  also  neglects  these  effects. 

Then,  substituting  for  (tp diq  -  <p  if)  in  the  preceding  equation  from  (4.47)  gives  the  follow¬ 
ing  relationship  between  the  per-unit  electrical  power  and  electromagnetic  torque: 

Tg=(Pe+rs(i2d  +  i2q)V«>  o-  (4-49) 

Substituting  for  Pe  from  (4.47)  into  (4.49)  gives  the  electromagnetic  torque  in  terms  of  the 
stator  voltage  and  current  components: 

Tg  =  i'dVd  +  iqVq  +  +  0)/C° 0  '  (4'5°) 

The  airgap  power  is  the  electrical  power  output  of  the  generator  inclusive  of  the  stator  re¬ 
sistive  losses: 

Pg  =  Pe  +  rs('d  +  Q  >  and  thus  (4-51) 

Pg  =  °>oTg-  (4-52) 

This  confirms  that  the  relationship  between  the  airgap  power  and  torque  neglects  the  per¬ 
turbations  in  rotor  speed  which  occurs  as  a  consequence  of  neglecting  perturbations  in  rotor 
speed  in  the  calculation  of  the  stator  voltage. 

The  electromagnetic  torque  equation  (4.50)  is  linearized  about  the  initial  steady-state  oper¬ 
ating  point  (vd(>,  vqQ,  ido,  iqo)  to  yield: 
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in  which  C 


Note  that  if,  as  normally  is  the  case,  the  per-unit  synchronous  speed  a>0  =  1  then  from 

(4.49)  the  per-unit  electrical  power  output  of  the  generator  is  equal  to  the  electromagnetic 
torque  less  the  resistive  losses  in  the  stator  winding. 

An  essential  point,  that  is  overlooked  in  some  commercial  software  packages,  is  that  when 
calculating  the  mechanical  torque  developed  by  the  turbine  from  the  mechanical  power  it 
necessary  to  neglect  perturbations  in  the  rotor  speed.  That  is: 

Pm  =  ^0  Tm-  (4-55) 

This  is  to  be  consistent  with  neglecting  the  rotor  speed  perturbations  in  the  relationship  be¬ 
tween  airgap  power  and  torque  revealed  in  equation  (4.52).  It  is  shown  in  Appendix  4—11.5 
that  if  the  relationship  between  mechanical  power  and  torque  does  include  rotor  speed  per¬ 
turbations  then  the  effect  is  to  erroneously  increase  the  generator  damping  constant  D  by 

Pm/al  per-unit. 

4.2.6  Per-unit  rotor  equations  of  motion 

The  per-unit  rotor  equations  of  motion  in  which  the  rotor-position,  5 ,  is  measured  with  re¬ 
spect  to  the  synchronously  rotating  network  reference  frame  (see  Section  4.2.10  and 
Appendix  4—11)  are: 


p8  =  a>h(a>  -  tt>0)  and 


(4.56) 


PC°  =  2T/(7’»G:rg“'D((B“®o))- 


(4.57) 


in  which  T  is  defined  in  (4.47)  and  equivalently  in  (4.50).  The  mechanical  torque  Tm  de¬ 
veloped  by  the  turbine  is  treated  as  a  generator  model  input. 

The  equations  of  motion  are  linearized  about  the  steady-state  operating  point,  in  which  it  is 
assumed  that  the  machine  is  rotating  synchronously  with  the  network  reference  frame  at  a 
speed  tt>  =  (B0  per-unit  to  yield: 


p A5  =  (o6(Acb)  and 


(4.58) 


pAa>  =  2H^ATm~ATg~DA(0^ 


(4.59) 


Substituting  the  expression  for  the  perturbation  in  the  electromagnetic  torque  A7);  from 
(4.53)  into  the  preceding  equations  yields  the  following  formulation  of  the  shaft  acceleration 
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equation  in  terms  of  perturbations  in  the  rotor-speed,  the  stator  voltage  and  current  com¬ 
ponents  and  mechanical  torque: 

-  -(i)A-(5yc„„Av,9-(i)c,w#Ai„  +  (i)Ar„.  (460) 

Importantly,  the  above  formulation  is  independent  of  the  model  employed  to  represent  the  rotor- 
winding  structure. 

To  facilitate  analysis  in  later  chapters  an  alternative  formulation  of  the  linearized  acceleration 
equation  is  now  developed  in  terms  of  the  perturbation  of  acceleration  power.  Multiplying 
the  acceleration  equation  (4.57)  by  the  per-unit  rotor-speed  yields: 

toOto)  =  ^(pm-Pg-D(0((°-(0o)')-  (4-61) 

Substituting  for  Pa  from  (4.51)  in  the  preceding  equation  gives: 

(0{p(0)  =  Yfj{Pm  -  Pe  -  Oco(m  -  M0)  -  rfi2d  +  i2q)) .  (4.62) 

Linearizing  the  preceding  equation  yields: 

PA(0  =  2ih’0iAPm~APe~D(O°  A(O~2rs^d0Aid+iq0Aiq^-  (4-63) 

If,  as  is  normally  the  case  co0  =  1  and  if  r  «  0 ,  it  follows  that: 

pAro  =  A Pm  -  A Pe  -  D Am) .  (4.64) 

In  the  preceding  equation  2 H  is  sometimes  replaced  by  M  =  2  H . 

4.2.7  Non-reciprocal  definition  of  the  per-unit  field  voltage  and  current 

Although  the  Zai/-base  reciprocal  per-unit  system  has  a  number  of  advantages  from  the  per¬ 
spective  of  representing  the  generator  it  is  usually  the  case  that  a  different  per-unit  system, 
referred  to  as  the  “non-reciprocal”  or  “unity-slope”  per-unit  system,  is  used  when  represent¬ 
ing  the  excitation  system  of  the  generator.  Thus,  it  is  necessary  to  establish  the  relationship 
between  these  two  per-unit  systems  for  the  purpose  of  interfacing  between  the  field  winding 
of  the  generator  and  excitation  system  models. 

To  begin,  consider  the  generator  represented  by  the  per-unit  equations  in  the  reciprocal  per- 
unit  system  and  neglecting  magnetic  saturation.  Suppose  that  the  generator  is  on  open-cir¬ 
cuit  and  rotating  steadily  at  one  per-unit  speed.  Under  this  steady-state  condition 
id  =  i  =  0  ,  to  =  ©q  =  1  and  the  rates  of  change  of  all  variables  in  the  dq  coordinate  sys¬ 
tem  are  zero.  From  the  d- axis  rotor  voltage  equations  (4.2)  on  page  103  it  is  deduced  that 
efd  =  rfdfd  and  the  d-axis  damper  winding  currents  are  zero  (i.e.  ild  =  i2d  =  0).  From  the 
corresponding  (/-axis  equations  (4.3)  the  (/-axis  damper  winding  currents  are  also  found  to 
be  zero  (i.e.  /  =  0).  Given  these  initial  values  of  the  winding  currents  it  is  deduced  from 
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the  d-  and  g-axis  airgap  flux-linkage  equations  (4.15)  on  page  105  and  the  d-  and  ^-axis  flux- 
linkage  equations  (4.23)  on  page  106  that  (prf  =  Lad  ij-d  and  cp?  =  0  .  From  the  d-  and  g-axis 

stator  voltage  equations  (4.24)  it  follows  that  vd  =  (p(/  =  0  and  =  (prf  =  Lad  i^.  If  the 

field  current  in  the  reciprocal  per-unit  system  is  one  per-unit  then  the  stator  voltage  is  Lad 

per-unit  (neglecting  saturation)  and  the  field  voltage  is  e^d  =  iyd  per-unit. 

Thus,  an  equivalent  way  of  defining  the  base  field  current  in  the  Lad- base  reciprocal  per-unit 
system  is: 


The  base  field  current  ij-db  in  the  reciprocal  per-unit  system  is  that  field 
current,  in  Amperes,  which  is  required  to  generate  Lad  per-unit  stator 

voltage  on  the  airgap  line  when  the  machine  is  open-circuit  and  rotating 
steadily  at  one  per-unit  speed.  The  base  field  voltage  ejdb  is  the  corre¬ 
sponding  field  voltage  in  Volts  divided  by  the  per-unit  field  winding 
resistance  1  at  the  specified  field  winding  temperature. 

The  above  reciprocal  definition  of  the  base  field  current  and  voltage  is  not  consistent  with 
the  non-reciprocal  definition  of  the  base  values  of  the  field  quantities  which  is  recommend¬ 
ed  in  Annex  B  of  IEEE  Std.  421.5  [11]  for  the  modelling  of  excitation  systems.  The  follow¬ 
ing  definition  of  the  non-reciprocal  per-unit  system  for  the  field  current  and  voltage  is 
consistent  with  that  given  in  IEEE  Std.  421.5.  Note  that  in  the  reciprocal  per-unit  system 
quantities  related  to  the  field  current  and  voltage  are  denoted  by  lower  case  T  and  ‘e’  re¬ 
spectively  whereas  the  corresponding  quantities  in  the  non-reciprocal  per-unit  system  are 
denoted  by  upper-case  7’ and  7?’. 

The  base  field  current  Ij-db  in  the  non-reciprocal  per-unit  system  is  that 

field  current,  in  Amperes,  which  is  required  to  generate  1 .0  per-unit  sta¬ 
tor  voltage  on  the  airgap  line  when  the  machine  is  open-circuit  and  ro¬ 
tating  steadily  at  one  per-unit  speed.  The  base  field  voltage  E,db  in  this 

per-unit  system  is  the  field  voltage  in  Volts,  corrected  to  the  specified 
field  winding  temperature,  required  to  generate  the  base  field  current 
If. db  ■ 


1.  From  Table  4.2,  the  per-unit  field  resistance  is  rfi  =  (fff)/rdib  where  r^d  is  the  field 

2 

resistance  in  ohms  and  >ydb  =  Sb/ ijdb  (ohm)  is  the  base  value  of  field  resistance  in  the 
reciprocal  per-unit  system. 
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The  above  definitions  lead  to  the  following  mathematical  conversions  between  the  per-unit 
field  current  Ay  (and  voltage  E^d)  in  the  non-reciprocal  per-unit  system  and  the  corre¬ 
sponding  value  of  ij-d  (eyy)  in  the  reciprocal  per-unit  system: 


1fd  L  adjfd  and  Efd  rf“efd' 


(4.65) 


The  conversion  between  the  reciprocal  and  non-reciprocal  definitions  of  the  field  current  is 
shown  graphically  in  the  generator  open-circuit  characteristic  in  Figure  4.4  in  which  three 
field  current  scales  are  shown:  (i)  Amperes,  (ii)  per-unit  on  the  reciprocal  base  system;  and 
(iii)  per-unit  on  the  non-reciprocal  base  system. 


0 


1.0 


L 


adu 


Ifd  (A) 


ifd  (pu) 
(reciprocal) 

Ifd  (pu) 

(non-reciprocal) 


Figure  4.4  Generator  open-circuit  characteristic  with  the  field  current  scaled  in  Amperes, 
and  in  per-unit  according  to  the  reciprocal  and  non-reciprocal  per-unit  systems. 


The  scaling  required  at  the  interface  between  the  model  of  the  exciter  and  the  generator  field 
winding  is  depicted  in  Figure  4.5.  It  is  assumed  that  the  output  from  the  exciter  is  the  field 
voltage  in  per-unit  in  the  non-reciprocal  per-unit  system  and  the  input  to  the  generator  is 
the  per-unit  field  voltage  in  the  reciprocal  system.  It  is  assumed  that  the  generator  per-unit 
field  current  in  the  reciprocal  system  is,  from  model  signal  flow  perspective,  an  output  signal 
from  the  generator  which  is  input  to  the  model  of  the  exciter  in  per-unit  in  the  non-recip¬ 
rocal  per-unit  system. 
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Figure  4.5  Interface  between  the  generator  and  exciter  model  taking  account  of  the  con¬ 
version  between  the  reciprocal  and  non-reciprocal  per-unit  systems  in  the 

respective  models. 

In  the  reciprocal  per-unit  system  it  follows  from  (4.2)  on  page  103  that  under  steady-state 
condition  e =  rfd}fdQ  ■  applying  the  conversion  in  (4.65)  to  this  relationship  it  follows 

that  in  the  non-reciprocal  per-unit  system  the  steady-state  value  of  the  field  voltage  and  cur¬ 
rent  are  equal  (i.e.  Efd^  =  IfdJ. 

Some  of  the  reasons  why  the  non-reciprocal  per-unit  system  is  preferred  [1 0]  are: 

•  The  measured  generator  open-circuit  characteristic  (O.C.C.)  rarely  extends  beyond  a 
stator  voltage  of  1.1  per-unit  and  never  to  Lad  .  Thus,  direct  graphical  determination 

of  the  base  field  current  from  the  measured  O.C.C.  is  straight-forward  in  the 
non-reciprocal  system  whereas  supplementary  calculation  is  required  to  determine  the 
base  field  current  ij-db  in  the  reciprocal  system. 

•  The  numerical  value  of  per-unit  field-voltage  ebd  in  the  reciprocal  per-unit  system  is 
very  small  whereas,  under  steady-state  conditions,  Ejd  =  Ijd  in  the  non-reciprocal  sys¬ 
tem. 

Although  IEEE  Std.  421.5  recommends  the  use  of  the  non-reciprocal  per-unit  system  for 
modelling  of  the  excitation  system,  it  is  sometimes  the  case  that  vendors  or  testing  contrac¬ 
tors  provide  excitation  system  model  parameters  on  a  different  per-unit  system.  For  exam¬ 
ple,  sometimes  the  base  value  of  field  current  is  defined  as  that  field  current,  in  Amperes, 
that  is  required  to  produce  rated  stator  voltage  when  the  generator  is  operating  at  rated  out¬ 
put  and  frequency.  Therefore,  it  is  essential  that  those  who  are  entering  data  into  simulation 
programs  understand  the  basis  on  which  model  parameters  are  supplied  and,  if  necessary, 
adjust  parameter  values  to  comply  with  the  per-unit  system  assumed  by  the  simulation  pro¬ 
gram  being  used. 

4.2.8  Modelling  generator  saturation 

Before  proceeding  further  the  two  methods  for  representing  the  effects  of  magnetic  satura¬ 
tion  introduced  in  Section  4.2. 3. 4  are  described  in  some  detail.  It  is  emphasised  that  these  two 
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methods  are  strictly  equivalent  and  yield  identical  results.  Both  methods  are  employed  in  dif¬ 
ferent  simulation  packages.  In  the  first  method  the  airgap  mutual  inductances  in  the  respec¬ 
tive  axes  are  assumed  to  be  subject  to  magnetic  saturation.  The  objective  in  this  case  is  to 
show  that  the  perturbations  in  these  inductances,  A Lad  and  AZfl? ,  about  their  steady-state 

saturated  values  Lad  and  can  be  expressed  in  terms  of  the  perturbations  in  the  airgap 

flux  linkage  components  in  the  respective  axes.  In  the  second  method,  the  component  of 
excitation  current  necessary  to  account  for  the  demagnetizing  effect  of  magnetic  saturation 
is  deducted  from  the  respective  axes.  The  d-and  9-axis  components  of  the  “saturation  de¬ 
magnetizing  current”  are  referred  to  as  isd  and  i  respectively.  The  objective  in  the  follow¬ 
ing  is  show  that  the  perturbations  in  the  saturation  demagnetizing  currents  A itjd  and  A i 
about  their  steady-state  values  of  isd  and  i$q^  can  also  be  expressed  in  terms  of  the  pertur¬ 
bations  in  the  airgap  mutual  flux-linkages.  Provision  is  made  for  these  two  representations 
when  formulating  the  generator  equations  in  Section  4.2. 3. 4  by  including  the  perturbations 
in  either  the  mutual  inductances  or  saturation  demagnetizing  currents  depending  on  the 
method  employed. 

In  both  methods,  the  saturation  level  is  determined  from  the  user-supplied,  open-circuit  sat¬ 
uration  characteristic(s).  The  user  may  choose  to  supply  only  the  c/-axis  characteristic  and 
select  one  of  several  functions  for  determining  the  9-axis  characteristic  from  the  d-axis  char¬ 
acteristic.  Alternatively,  the  manufacturer  or  testing  contractor  may  supply  a  separate  char¬ 
acteristic  for  each  axis. 


Figure  4.6  Open-circuit  characteristic  of  the  generator  in  the  non-reciprocal  per-unit  sys¬ 
tem.  (Note  that  the  per-unit  values  of  terminal  voltage  and  airgap  flux  linkages  are  equal 
when  the  machine  is  open-circuit  and  rotating  steadily  at  base  rotor  speed.) 
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An  open-circuit  saturation  characteristic  is  shown  in  Figure  4.6  in  the  non-reciprocal  or  uni¬ 
ty-slope  per-unit  system.  If  V t  is  the  terminal  voltage  and  Va  is  the  corresponding  voltage 

on  the  airgap  line,  then  the  saturation  function  S(  Vf)  is  defined  as 

S(Vt)  =  (Va-Vt)/Vt.  (4.66) 

For  the  given  open-circuit  characteristic  of  the  generator,  saturation  is  characterized  by  the 
values  of  5(9!)  and  S(<p2)  such  that  cp2  >  9i  >  0  together  with  the  selection  of  a  function 
to  interpolate  between  the  latter  two  points  on  the  saturation  characteristic.  Typically, 
cp  j  =  1.0  pu  and  tp7  =  1.2  pu.  Several  commonly  employed  interpolation  functions  are 

detailed  in  Table  4.7  although  other  functions  may  be  used. 


Table  4.7  Interpolation  functions  for  saturation  characteristics. 


Type 

5(<p)  =f(A,B) 

A,  B 

dS/d  q> 

Exponential 

A(fB/ <p 

b  -  i.rCQ/MT) 

VtPi^fcPlV  V  Vtp  y)) 

A  =  (q>1S'(cp1))/(cpf) 

A(B- l)<p(S“2) 

Quadratic 

S((p-^)2/cp  if  <p  >A 

0  otherwise 

A  =  ((p2-acpi)/(l  -a) 

B  =  tpj^frp, )/(ipj -A)2 ,  where 

a  =  7l(P2‘S'((P2l)/(<PA((Pi)) 

o 

1 

<7$ 

Ontario 

Hydro 

[10] 

S(<P-<P/)  ,  .c 

Ae  /<p  It  <p  >  cpy 

0  otherwise; 

<P/<<Pi 

5  =  InCp15(«p1))/(,,,2-,Pl) 

.  „  ,  -JS(CP! -<Pj) 

A  =  q>1S(cp1)e 

Linear 

<P 

A  =  ((p2-a(pj)/(l -a)  , 

B  =  (cp15'(cp1))/(<p1  -A) ,  where 

a  =  (<p2S,(«p2))/(<p1S'(<Pi)) 

AB 

2 

<P 

So  far  only  the  open-circuit  characteristic  has  been  considered.  However,  when  the  genera¬ 
tor  is  loaded  the  open-circuit  characteristics  no  longer  apply.  A  common  approximation  is 
that  the  resultant  airgap  flux  cp  is  indicative  of  the  level  of  saturation  when  the  generator 

is  on-load.  This  is  based  on  the  fact  that  when  the  generator  is  on  open-circuit  and  rotating 
at  one  per-unit  speed  the  terminal  voltage  and  airgap  flux  are  equal  in  the  per-unit  system 
used.  Other  approximations  for  the  level  of  saturation  which  are  employed  in  widely-used 
software  packages  are  described  in  Section  4.2.13.2. 

Note  that  in  Table  4.7  the  value  of  cp  to  be  used  depends  on  the  context.  When  determining 
the  parameters  A  and  B  of  the  interpolation  function  the  values  of  cp  are  the  o.c.  flux -link- 
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ages  (equivalently  o.c.  voltages)  obtained  from  the  open-circuit-characteristic.  When  evalu¬ 
ating  the  saturation  function  when  the  machine  is  loaded  then  cp  is  the  value  of  the  selected 
saturation  level  indicator  such  as  the  resultant  airgap  flux  (cp  ),  the  resultant  ^-transient 
k 

flux-linkages  (cp  ),  etc. 

The  resultant  airgap  flux  linkages  are  defined  as: 

Vag  =  Md  +  V2aq-  (4'67) 


To  determine  the  steady-state  operating  value  of  the  airgap  flux,  it  is  noted  that  (pu<r  is  also 

equal  to  the  voltage  behind  the  stator  resistance  and  leakage  inductance  in  the  per-unit  sys¬ 
tem  used,  taking  into  account  any  difference  between  the  synchronous  speed  and  base  fre¬ 
quency  of  the  generator  (i.e.  to  account  for  the  situation  when  k>0  *  1 ). 

.^00 


in  which  Vf  ,  Pq  and  Q0  are  respectively  the  initial  steady-state  values  of  the  generator  sta¬ 
tor  terminal  voltage,  and  real  and  reactive  power  output. 


<aoLlpo  rsQ( 


(4.68) 


9, 


ago 


ago 

(On 


The  perturbations  in  the  resultant  airgap  flux  linkages  about  the  operating  point  <pag  de¬ 
fined  in  (4.68)  and  in  which  the  corresponding  steady-state  values  of  the  d-  and  ^-axis  flux 
linkages  are  (p ad^  and  cp  respectively  are  obtained  by  linearizing  equation  (4.67)  to  give: 


A(P*g 


A(P  ad  + 


yvagJ 


A(Pa? 


A(P  adq’ 


(4.69) 


It  should  be  noted  that  the  saturation  characteristic  interpolation  functions  listed  in 
Table  4.7  are  intended  to  be  used  when  the  machine  is  operating  within  its  normal  range  of 
steady-state  operating  conditions,  i.e.  cp  is  expected  to  range  at  most  between  about  0.8 

and  1.3  pu.  The  interpolation  functions  may  require  modification  at  higher  flux  levels  that 
may  occur  under  some  large  disturbance  conditions. 

The  d-  and  ^-axis  saturation  characteristics  are  denoted  by  Sd  and  Sq  respectively.  In  the 

situation  where  a  g-axis  saturation  characteristic  is  not  provided  one  of  the  rules  in  Table  4.8 
can  be  used  to  derive  the  </-axis  characteristic  from  the  d- axis  characteristic  provided. 
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Table  4.8  <7- Axis  saturation  characteristics  as  a  function  of  those  for  the  d- axis 


■W<P)) 

8Sq/8Sd 

A 

1 

Note  A:  Laq/Lad  =  Laqu/Ladu 

B 

N/A 

N/A 

Note  B:  The  points  S  (1.0)  and  S  (1.2)  on  the  (jr-axis  open-circuit  saturation  charac¬ 
teristic  are  specified.  The  same  interpolation  function  used  for  the  d-axis  character¬ 
istic  is  employed. 

C 

sd 

Sd[Naqll/Ladu)  -  1]  +  (Laq, /Ladu) 

Note  C:  Lad-Laq  =  Ladu-Laqu  =  Lsal.  This  characteristic  is  based  on  empirical 
results  reported  by  Shackshaft  [19];  the  variation  of  Lad  and  L  with  rotor  position 
is  neglected. 

D 

0 

0 

Note  D:  The  g-axis  is  unsaturated.  Useful  in  modelling  salient  pole  machines. 

E 

Niu2Lqu)Sd 

^du^^qu 

Note  E:  This  option  is  employed  in  the  saturation  model  of  some  software. 

F 

Ndu/Lqu)ZSd{ <p) ,  where 

Z=  {ln[5rf(1.2)/Srf(1.0)]}/ln(1.2) 

(Ldu/Lqlf 

Note  F:  This  option  is  employed  in  the  saturation  model  of  some  software. 

4.2.8. 1  Method  1:  Non-linear  airgap  mutual  inductances 

As  mentioned  earlier  the  first  method  for  representing  generator  magnetic  saturation  is  to 
treat  the  d-  and  g-axis  airgap  mutual  inductances  as  non-linear  parameters  that  depend  on 
the  resultant  airgap  flux  linkages.  It  is  assumed  that  the  leakage  inductances  are  not  subject 
to  magnetic  saturation  and  are  thus  assumed  to  be  constant  parameters. 


The  values  of  the  d-  and  ^-axis  airgap  mutual  inductances  are  expressed  in  terms  of  their  re¬ 
spective  saturation  characteristics  by: 


adu 

Lad~  '+Sj(Vag) 


1  r  a1u 

”d  G  ' 


(4.70) 


The  steady-state  saturated  values  of  the  airgap  mutual  inductances  Lad  and  Laqo  are  ob¬ 
tained  by  substituting  =  q>ag  in  (4.70). 
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The  perturbations  in  the  airgap  mutual  inductances  about  the  operating  point  cp  defined 

in  (4.68)  are  obtained  by  linearization  of  the  equations  for  the  non-linear  airgap  mutual  in¬ 
ductances  in  (4.70)  to  yield: 


A  L 
A  L 


ad 

aq_ 


(LT  A 

ad0 

dSd^ag) 

V^adJ 

0 

( L 2  3 

dSq<&ag) 

^ag 

0 

(4.71) 


Substituting  for  the  perturbations  in  the  resultant  airgap  flux  linkages  from  equation  (4.69) 
into  the  preceding  equation  results  in  the  following  expression  for  the  perturbations  in  the 
airgap  mutual  inductances  in  terms  of  the  perturbations  in  the  airgap  flux-linkages: 


(4.72) 


(4.73) 


Saturation  Method  1: 

Perturbations  in  airgap  mutual  inductances 

adq  ~  ^ ladq^^adq’ 
in  which 


'ladq0 


,r2  . 

(L  A 

ad0 

dSd^aR) 

(  1  'l 

V'ad,/ 

d^ag 

0 

1 

t— J 

V agQ 

9 

4V0  Vaq0 

(L  > 
acto 

dSq^aK) 

8(*ag 

0 

4. 2. 8. 2  Method  2:  Saturation  demagnetization  current 

The  second  method  for  representing  the  effects  of  magnetic  saturation  involves  deducting 
non-linear  components  of  d-  and  g-axis  saturation  demagnetization  current  isd  and  i 

from  the  excitation  of  the  d-  and  ^-axis  windings  respectively.  In  this  formulation  the  model 
utilizes  the  fixed  unsaturated  airgap  mutual  inductances.  This  is  especially  advantageous 
when  representing  saturation  in  the  Classical  Parameter  Formulation  of  the  generator  model 
because  it  is  unnecessary  to  adjust  the  classically-defined  standard  parameters  to  account  for 
the  effects  of  saturation. 


To  determine  the  expression  for  i  d  it  can  be  deduced  from  (4.12)  on  page  105  that: 


lsd 


ld) 


(4.74) 
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Alternatively,  if  the  effects  of  magnetic  saturation  are  represented  by  non-linear  mutual  air- 
gap  inductances  according  to  (4.70)  (i.e.  by  Method  1)  then  from  (4.12)  with  s2  =  0  and 

with  Lud  defined  according  to  (4.70)  it  follows  that: 


(«? l~rd~id ) 


^du 

T . 


Substituting  from  the  preceding  equation  for  (u  i  .  —  id)  into  (4.74)  yields: 

Vad 


lsd  ~  Sd(Wag\ 


ad,, 


(4.75) 


(4.76) 


The  <7-axis  saturation  demagnetization  current  component  is  similarly  derived: 

c  (  \  ^ cu i 

lsq  =  Sq(Vag)  T~  ' 
a9u 


(4.77) 


Equations  (4.76)  and  (4.77)  are  combined  to  yield: 


i  ,  =  Sj  (p  )m  ,  in  which  Sj  (m  )  =  D 
~sdq  dq^ag'Zadq  dq^ag> 


Sd^ag}_  S_q^ag) 

L ag. 


V  Lad, 


(4.78) 


Linearizing  the  preceding  equation  about  the  operating  point  (tpflg  ,  {Pad(’  9 )  yields  the 

following  expression  for  the  perturbations  in  the  saturation  demagnetizing  current  compo¬ 
nents  in  terms  of  the  perturbations  in  the  airgap  flux-linkages. 


Saturation  Method  2: 

Perturbations  in  saturation  demagnetizing  currents 

^sdq  ~  ntadq^adq’ 
where 

<p°rf0r55/9ajg>  1 


C  =  S  + 

madq0  dq0 


~'ad. 


dtp 


ag  0 


5(pfl 


^ado 

v<lV(r 


9, 


90 


and  Sdq0=  S 


aqu  ag  0 
(S^ag0)  Sqtoag0J) 


V  Lad 


(4.79) 


(4.80) 


(4.81) 
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4.2.9  Balanced  steady-state  operating  conditions  of  the  coupled-circuit  model 

The  initial  steady-state  values  of  the  coupled-circuit  generator  model  variables  when  oper¬ 
ating  under  balanced  conditions  are  now  calculated.  In  the  following  analysis  the  subscript 
‘0’  denotes  the  steady-state  value  of  the  variable. 

It  is  assumed  that  the  steady-state  generator  stator  voltage  magnitude,  Vf0 ,  and  the  real  and 
reactive  power  output  P0  =  P e  and  Qq  of  the  generator  are  given,  in  per-unit  on  the  gen¬ 
erator  base  quantities.  These  initial  values  are  usually  obtained  from  the  power  flow  solution 
on  which  the  dynamic  analysis  is  to  be  based. 

Under  steady-state  conditions  p 5  =  0  so  from  (4.56)  on  page  114  it  follows  that  ro  =  tt>0 
per-unit;  and  pro  =  0  so  from  (4.57)  on  page  114  it  follows  that  T m  =  Tg .  Note,  that  nor¬ 
mally  the  generator  rated  frequency  is  the  same  as  the  system  nominal  frequency  and  so  nor¬ 
mally  (Oq  =  1  .  However,  if,  for  example,  a  generator  rated  for  60  Hz  is  connected  to  a  50 

Hz  system  and  a>h  is  chosen  to  be  2n(60) ,  then  ro0  =  5/6  per-unit. 

Under  balanced  steady-state  operating  conditions  the  stator  voltage  is  represented  as  a  pha- 

sor  Vt  in  the  complex  plane  in  which  the  d- axis  corresponds  to  the  real  axis  of  the  complex 
plane  and  the  ^-axis  to  that  of  the  imaginary  axis  so  that: 


where  y0  is  the  angle  by  which  the  voltage  phasor  leads  the  d- axis.  (Note  that  y0  is  defined 
differently  than  the  “load  angle”  which  is  the  angle  by  which  the  voltage  phasor  lags  the  q- 
axis.  The  use  of  y0  is  convenient  analytically  and  the  results  are  consistent.). 


The  phasor  representing  the  generator  current  output  is: 


p0  ~jQo  .  ./(To  +  Bo) 

-  =  Pe 


(4.83) 


where 


(4.84) 


is  the  magnitude  of  the  current;  and 

P0  =  atari  2(-g(),  PQ)  1 

is  the  angle  by  which  the  current  phasor  leads  that  of  the  voltage. 


(4.85) 
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If  the  effects  of  magnetic  saturation  are  being  represented  then,  for  the  purpose  of  calculat¬ 
ing  the  initial  steady-state  operating  conditions,  the  following  steady-state  saturated  values 
of  the  d-  and  (/-axis  airgap  mutual  inductances  obtained  from  (4.70)  are  used.  This  applies  to 
both  of  the  methods  of  representing  the  effects  of  magnetic  saturation  in  the  dynamic  model 
of  the  machine. 

Lad0  =  Kd'V  +^(<Pag0))  and  Laqo  =  Laq/(l+Sg(vago)),  (4.86) 

in  which  the  resultant  airgap  flux-linkages,  <p  ,  are  obtained  from  (4.68)  on  page  121. 


The  saturated  values  of  the  d-  and  (/-axis  synchronous  inductances  at  the  steady-state  oper¬ 
ating  point  are: 


+  L i  and  L„  A. ,, 


1o 


'aq0  /' 


(4.87) 


Since,  under  steady-state  conditions,  P<Pra  =  0  and  since  yrq  =  0  it  is  deduced  from  (4.5) 

(4.88) 


on  page  104  that  irq  =  0.  Consequently,  from  equation  (4.12)  on  page  105, 


(p  =  -L  i 
^aq o  aq o  q o 

and  then  from  (4.22)  on  page  1 06  it  follows  that: 

^0  ~~  (?aq0~Lllq0  'C Laq0  +  Li>lq0  Lq0'q0  ’ 

a  result  that  is  independent  of  the  number  of  rotor  windings. 

From  (4.24)  and  (4.89),  under  steady- state  conditions, 

vdn  =  -V'*-®  0*Pfl.  =  -V'rfn  +  ®  oLqJqo-’ 


(4.89) 


q  o 


(4.90) 


which  again  is  independent  of  the  number  of  rotor  windings. 


The  d- axis  damper  winding  currents  are  zero  in  the  steady-state  so  from  (4.9)  on  page  104, 
(4.22)  on  page  106  and  (4.65)  on  page  117  it  follows  that: 


adn  Ladn(.ifd0  Gn)  (L adj ^ ad ,)^fdn  ^ adjdn  an<^ 


fd  o 


(4.91) 


1.  Definition  of  0  =  atan2 (y,x): 

If  x  =  y  =  0  then  arbitrarily  define  0  =  0; 
else  if  x  =  0  then  if  y  >  0  ,  0  =  n/2  ;  else  0  =  — 7t/2  , 
otherwise  let  z  =  \y/x\  and  define  <])  =  atan(z)  then 
First  quadrant:  x  >  0  and  y  >  0  then  0  =  <() ; 

Second  quadrant:  x  <  0  and  y  >  0  then  0  =  71  —  <j) ; 
Third  quadrant:  x  <  0  and  y  <  0  then  0  =  —  Jt  +  (j) ;  and 
Fourth  quadrant:  x  >  0  and  y  <  0  then  0  =  — <(» . 
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^0  Ll\  Ldjd0  E adjfd0  ^djd0 


( L“d ^ 


V^adJ 


Jfd0- 


(4.92) 


From  (4.24)  on  page  106  and  (4.92)  the  following  expression  for  the  steady-state  ^-axis  volt¬ 
age  is  obtained: 


%  =  -V,0  +  “0\  =  -^^-“oVV10 


a_^\ 


(4.93) 


The  stator  voltage  phasor  is  obtained  by  combining  (4.90)  and  (4.93)  to  yield: 


=  vd0+Jvq0  =  -(rs+./“0L(?0)/+./“0 


\LadJ 


!fd0  (Zrf0 


in  which  I  =  (i,  +ji„  ) 
v  “o  ?o 


(4.94) 

(4.95) 


Rearranging  (4.94)  yields: 


Eq  =  Vt  +  (rs+Jm0Lq)r  =  7®0 


(L. 


ad{ 

KV^ad, 


riK-Vdo-Wdo]  =J£r 


(4.96) 


The  artificial  voltage  phasor  Eq  =  jEq  is  aligned  with  ^-axis  and  corresponds  to  the  voltage 
behind  the  impedance  Z  =  (rs  +  /WqL^  ) . 


Now,  substituting  for  Vt  and  I  from  equations  (4.82)  and  (4.83)  into  the  preceding  equation 
yields: 


r  /( n/2)  f .  m  j To 

V  +  > 

j( ji/2  -  y0) 

:.Eqe  =  ( \  +  N7ocosPo  “  a)Oi(?0/OslnPo)  +7(r/osmPo  +  aoLq/ocosPo) 


(4.97) 


By  equating  the  arguments  of  both  sides  of  (4.97)  yields  y0  ,  the  angle  by  which  voltage  pha¬ 
sor  leads  the  d-axis: 
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y0  =  --atan2(/0(rssin|30  +  to0Z,  cosP0),(T,n  +  /0(ricosP0-to0Z,(jnSin(30))) 


% 


in  which,  from  equations  (4.84)  &  (4.85)  respectively: 

atan2(-g0,  P Q) . 


'o  = 


pI+qI 


(4.98) 


V, 


and  Pn 


to 


This  result  is  independent  of  the  number  of  d-  or  ^-axis  rotor-windings  or  of  the  representa¬ 
tion  of  coupling  between  the  d-axis  rotor  windings.  Figure  4.7  is  a  phasor  diagram  showing 

the  computation  of  Eq  ,  y0  and  the  associated  location  of  the  d-  and  q- axes  with  respect  to 

the  voltage  phasor.  The  d-  and  ^-axis  components  of  the  voltage  and  current  phasors  are 
also  shown  in  this  diagram. 


Eq  —  Vt  +  (?"«  +  juoLqo)I 


\ 

\ 

\ 

^  d-axis 


q-axis 


Figure  4.7  Phasor  diagram  showing  the  computation  of  Eq ,  y0  and  the  location  of  the  d- 

and  q- axes  in  relation  to  the  voltage  and  current  phasors.  The  d-  and  ^-axis  components  of 

the  voltage  and  current  are  also  shown. 


Sec.  4.2  Steady-state  conditions,  coupled-circuit  model 


129 


Having  calculated  the  steady-state  saturated  values  of  the  airgap  mutual  inductances  and  syn¬ 
chronous  inductances  according  to  (4.86)  and  (4.87)  and  the  values  of  y0,  70  and  P0  in 

(4.98)  the  initial  steady-state  values  of  those  generator  variables  that  are  independent  of  the 
rotor  winding  structure  are  readily  found  to  be: 


The  calculation  of  50 ,  the  initial  steady-state  value  of  the  angle  by  which  the  d-axis  leads  the 
R- axis  of  the  synchronously  rotating  network  reference  frame  is  deferred  until 
Section  4.2.10. 


For  the  3d3q-cl  model  the  steady-state  values  of  the  following  d-  and  ^-axis  rotor  winding 
current  and  flux-linkage  and  variables  are: 


(4.100) 


For  generator  models  which  neglect  unequal  coupling  between  the  d- axis  rotor  windings 
Lc  i  =  Lc2  =  0  .  For  models  with  only  one  d-axis  damper  winding  the  variables  i2d  and  cp2rf 

do  not  exist  and  the  non-existence  of  Lc2  is  represented  by  setting  its  value  to  zero  in  the 

above  equations.  Similar  trivial  modifications  are  made  to  (4.100)  so  they  can  be  applied  to 
coupled-circuit  models  with  other  rotor  structures. 
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4.2.10  Interface  between  the  generator  Park/Blondel  reference  frame  and  the  syn¬ 
chronous  network  reference  frame 

The  generator  equations  are  developed  in  the  Park/Blondel  co-ordinate  system  in  which,  as 
mentioned  earlier,  the  d-axis  is  aligned  with  the  magnetic  axis  of  the  rotor  field  winding  and 
the  g-axis  leads  the  d-axis  by  90  electrical  degrees.  The  dq  reference  frame  rotates  in  an  anti¬ 
clockwise  direction  at  the  speed  of  the  generator  rotor  ro  per-unit.  As  explained  in  the  de¬ 
velopment  of  the  generator  equations  of  motion  in  [12]  the  generator  rotor  angle  5(7)  (elec, 
rad)  is  measured  relative  to  a  synchronously  rotating  reference.  In  the  analysis  of  multi-ma¬ 
chine  systems  the  R- axis  of  the  synchronously  rotating  network  R1  reference  frame  is  chosen 
as  the  reference  for  the  rotor  angle  of  each  generator. 

To  facilitate  the  analysis  of  multi-machine  systems  it  is  necessary  to  transform  the  stator  cur¬ 
rent  and  voltage  at  the  machine  terminals  between  the  generator  dq  reference  frame  and  net¬ 
work  R1  reference  frame. 


-(g) 

In  Figure  4.8  the  stator  current  phasor,  /  ,  is  shown  at  the  instant  t.  The  superscript  (g) 

denotes  that  the  current  phasor  is  in  per-unit  of  the  generator  base  quantities.  At  this  instant 
the  d-axis  leads  the  R- axis  by  8(t)  (rad)  and  the  current  phasor  leads  the  d- axis  by  a(t)  (rad). 

-(g) 

In  the  generator  dq  reference  frame  the  current  phasor  1  is  expressed  as: 


T\a /  .  ...  Efe)!  Zap) 

1  =  ld+Jlq  =  \I  w 


and  in  the  R1  reference  frame  it  is: 


;te) 


d+Jiq)' 


Expanding  the  preceding  equation  yields  the  following  relationship  between  the  current 
phasor  components  in  the  dq  and  R1  reference  frames. 

i(R  +ji\S)  =  ( id+Jiqy '5  =  (G+7'y)(cos(5)+7sin( 5)) 

=  {cos(5)/rf-  sin(5 )iq}  +y{sin(5);rf+  cos(5)qy} 

Equating  respectively  the  real  and  imaginary  components  in  the  above  equation  yields  the 
following  matrix  relationship  between  the  current  components  in  the  respective  reference 
frames: 


"/(*>" 

lR 

cos(5) 

-sin(5) 

‘d 

i(g) 

sin  (5) 

cos(5) 

k 

In  compact  matrix  form  this  equation  is  denoted  as: 

Lr!  =  *(5)V 


(4.101) 


(4.102) 
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in  which  $  =  Ur)  U  ^  i  =  \id  i  ]  '  and  R( 5)  =  [cos^  “sin(8)l  •  (4.103) 

1  J  l  u  |_sin(o)  cos(o) 


The  inverse  relationship  is: 


idq  =  R(8)-1i%- 


(4.104) 


The  unitary  matrix  R{8)  is  referred  to  as  the  rotation  matrix  and  its  inverse  is  equal  to  its 
transpose: 


R(8)  1  =  R(8)T  =  R(-8 )  =  cos(5)  sin(5)  . 

_-sin(5)  cos(5)_ 

When  linearizing  the  model  the  partial  derivative  of  the  rotation  matrix  is  required: 


_  dR(8)  _  -sin(5)  -cos(5) 

dS  _cos(5)  -sin(5) 


U(8)T. 


(4.105) 


(4.106) 


The  transformation  of  the  stator  terminal  voltage  between  the  respective  reference  frames 
is  similar  to  that  for  the  stator  current: 


-1  («) 


,  and  y  ,  =  R( 8)  y 


(4.107) 


Figure  4.8  Relationship  between  the  Park/Blondel  (dq)  and  Network  (Rl)  reference 

frames. 
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Again  referring  to  Figure  4.8  the  angle  by  which  the  voltage  phasor  leads  the  R- axis  is  9(4) . 
The  initial  steady-state  value  of  this  angle,  90 ,  is  typically  obtained  from  the  power  flow 

solution.  Given  this  angle,  it  follows  that  the  initial  steady-state  value  of  the  rotor  angle  50  is: 

50  =  90-y0,  (4.108) 

where  y0  is  given  by  (4.98).  From  the  above  value  of  50  and  the  initial  steady-state  values 

id(i  and  ydq  from  (4.99),  the  initial  steady-state  values  i^j  and  are  deduced  from 
equations  (4.102)  and  (4.107)  respectively. 

Lr!0  =  R(\)Ldqa  and  v™  =  R(  50)y^  (4.109) 


Linearizing  the  current  transformation  equations  (4.102)  and  (4.104)  about  the  steady-state 
operating  point  (50,  idq  ,  i^J)  yields: 


=  R(80)Aidci+U(8o)idg  AS 

(4.110) 

and  A idq  =  RT(80)Ai$  +  UT{80)i$A8  . 

(4.111) 

The  voltage  transformation  equations  (4.107)  are  similarly  linearized  about  the  steady-state 

f  pA 

operating  point  (50,  ydqQ,  y^)  to  give: 

=  R(80)Aydq+U(80)ydqA8 

(4.112) 

and  Aydq  =  RT{80)Av{^  +  UT{80)y^A8  . 

(4.113) 

There  is  normally  a  change  in  the  apparent  power  base  between  the  generator  model  and 
that  of  the  network.  For  generality  it  will  also  be  assumed  that  there  is  a  change  in  base  volt¬ 
age  between  the  generator  and  that  of  the  network  bus  to  which  the  generator  is  connected. 
However,  most  simulation  programs  assume  that  the  respective  base  voltages  are  identical. 

Let  MVA  and  kV  be  respectively  the  generator  three-phase  MVA  base  and  line- 

to-line  RMS  voltage  base  values  of  the  generator  (see  Table  4.2  on  page  98).  Let  Susb  and 

V*u'lb  be  the  corresponding  quantities  for  the  network  bus  to  which  the  generator  is  connect¬ 
ed.  The  base  stator  currents  in  the  respective  per-unit  systems  are  then  deduced  as: 
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SuJb*  io3 
V3FS 


(A)  and  4'°  = 


^jxlO3 

Mub 


(A). 


(4.114) 


Let  v£}  and  ' 1  be  the  stator  voltage  components  in  the  network  RI  reference  frame  in  the 

per-unit  systems  of  the  generator  and  network,  respectively.  It  follows  that  the  two  are  re¬ 
lated  by: 

yS  =  ^vYri  in  which  Ky  =  Vissl/Vinsl  (4.115) 

and  similarly  for  the  current  components  in  the  respective  per-unit  systems: 

LrI  =  KiLri  which  K,  =  I(f//bn)  =  Ks/Ky  and  Ks  =  S^/S^.  (4.116) 


4.2.11  Linearized  coupled-circuit  formulation  of  the  generator  model  equations 

The  linearized  state-  and  algebraic-equations  of  the  coupled-circuit  generator  model  incor¬ 
porating  generator  saturation  and  the  transformation  between  the  dq  generator  and  network 
Rl  reference  frames  that  were  developed  in  the  previous  sections  are  now  combined  in  ma¬ 
trix  form.  A  systematic  procedure  for  formulating  the  coefficient  matrices  is  also  provided. 


The  generator  equations  are  linearized  about  the  initial  steady-state  operating  condition  cal¬ 
culated  in  Sections  4.2.9  and  4.2.10. 


The  linearized  generator  equations  comprising  (i)  the  electromagnetic  state  and  algebraic 
equations  (4.41)  on  page  110;  (ii)  the  rotor  equations  of  motion  in  (4.58)  and  (4.60)  on 
page  115;  (iii)  the  transformation  of  the  stator  current  and  voltage  components  from  the  dq 
to  Rl  coordinate  systems  in  equations  (4.110)  and  (4.112)  on  page  132;  and  (iv)  the  conver¬ 
sion  from  the  generator  to  network  per-unit  systems  for  the  voltage  and  current  compo¬ 
nents  in  equations  (4.115)  and  (4.116)  are  combined  to  form  the  following  matrix  equation. 


— 1 

s 

<1 

0 

0 

= 

0 

0 

0 

1 

B,ni  Bmv  o  0 


C  D 

Vgx  Vgl 

C  D 

in  x  mg 


-10  0 
0  -I  0 
0  -I 


C  0  D 

vnx  vng 

0  0  0  Kjl  0 

0  0  0  0  Kyi 


Ax„, 

~m 

0  0 

■33 

<1 

0  0 

“33 

< 

+ 

0  0 

A  if, 

0  0 

-I  0 

a47 

0  -I 

A  / 
Av' 


;(«) 

RI  + 

('0 


RI 


Bn, 

0 

0 

0 

0 

0 


Am  , 


(4.117) 


In  the  preceding  equation  the  generator  state-  and  input-variable  vectors  are  respectively: 

Ae ( 


Ax  = 


A5 

Aco 

Ax,. 


and  A = 


fd 
AT 


(4.118) 
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and  the  vector  of  electromagnetic  state-variables  are: 

A(P  rd 
Acp 


Ax  =  Acp 


rdq 


rq_ 


(4.119) 


The  step-by-step  procedure  to  formulate  the  coefficient  matrices  in  (4.117)  is  given  in  the 
following  table. 


Table  4.9  Step-by-step  procedure  to  compute  the  coefficient  matrices  in  the  linearized 
coupled-circuit  equations  of  the  generator. 


Step 

Operation 

Source 

1 

Obtain  the  model  parameters  according  to  the  number  of  d-  and  q- axis 
rotor  windings  nd  and  nq  respectively. 

2 

If  magnetic  saturation  is  neglected  set  s  =  0  .  Otherwise  obtain  the 

saturation  model  parameters  and  set  (i)  s  =  1  if  the  incremental 

inductance;  or  (ii)  set  S  =  2  if  the  demagnetizing  current  representa¬ 
tion  of  saturation  is  employed. 

3 

Compute  the  generator  steady-state  initial  conditions  in  the  dq  reference 
frame. 

Section  4.2.9 

4 

Compute  the  initial  values  of  the  generator  rotor-angle  (5q)  and  stator 
voltage  and  current  in  the  synchronously  rotating  R1  reference  frame. 

Section  4.2.10 

5 

K  sm  =  1  then  in  the  following  Lad  =  and  Laq  =  La%  other- 

L  ad  =  L ad u  and  Laq  =  Laqu 

(4.31)  pg.  108 

6 

Define  Acp^,  A [rd ,  rrd,  L/rd  and  bred  depending  on  nd  the  number 

of  d- axis  rotor  windings  and  whether  or  not  unequal  mutual  coupling 
between  the  d-axis  rotor  windings  is  to  be  represented. 

Tab.  4.5 

Pg-  H2 

7 

Define  Acp  ,  A /  r  and  L,  depending  on  the  number  of  g-axis 

damper  windings. 

Tab.  4.6 

Pg-  H2 

8 

Construct  rfdq  =  T)(rrd,  rfq)  and  L,rdq  =  ®(L,rd,Llrq) 

(4.7)  pg.  104  & 
(4.21)  pg.  106 

9 

b  ~\T 

Construct  bre  =  red  in  which  bred  =  |k>6  0  oj 

(4.8)  pg.  104 

10 

Construct  the  airgap  mutual  inductance  matrix  Ladq  =  29  (Lad,  L  ) 

(4.31)  pg.  108 
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Step 


Operation 


Source 


Construct  the  coefficient  matrices  in  the  stator  voltage  equations: 


11 


0  -1 

1  0 


(4.25)  pg.  107 


Calculate  the  coefficient  of  the  saturation  variable  in  the  airgap  mutual 
flux  linkage  equation: 


12 


C  j  =  i 

asaq0 


Calclq0  ® 


-L 

0 


adq 


'!f£o  !f£o)  if  =  , 

L  ’  L  S m 

K  ad0  ^aqj 

if  Sm  =  2 

i  f  .S'  =  0 


(4.32)  pg.  108 


13 


Calculate  the  coefficient  matrix  of  the  saturation  variable  equa¬ 

tion  (4.34)  on  page  108  depending  on  the  method  used  to  represent  sat¬ 
uration. 

Cladq0  if5m  “  1 


" sadq0 


(4.35)  pg.  108 


'  madq0 


if  sm  —  2  s  where 


10 


if  s  =  0 

m 


(L2.\ 

ad0 

13(a) 

Cl“dq0  L  ) 

lLadJ 

(L2  \ 
a<lo 

Wad0  Vaq0 

^  K 

and 


(4.73)  pg.  123 


c  =  s  + 

madq0  dq0 


13(b) 


VadQrdSd(<yas 
Lad}  ^ag  J0 
Vaq0(dSq(<Pas 


S^o  =  ® 


Laq}  5(P ag  2  0 

(Sd^ag)  SqtoagJ 


^_o 

v(p«g(r 


Ifjto 


in  which 


(4.80)  pg.  124  & 

(4.81)  pg.  124 


k  Lad„ 


acIu 


...  Continued  on  following  page  ... 
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Step 


Operation 


Source 


The  d-  and  q- axis  saturation  functions  A <pa„) ,  Sg(<paK)  and  their 


rug’ 


8S, 


8S„ 


derivatives  - -  and  - — 

5(IV  5(P, 


depend  on  the  selected  interpolation  func- 


ag  ~rag 

tion  in  Table  4.7  on  page  120.  If  parameters  for  the  q- axis  saturation 
characteristic  are  not  specified  then  one  of  the  relationships  in  Table  4.8 
may  be  used  to  express  S  as  a  function  of  Sd . 


14 


Compute  the  coefficient  sub-matrices  in  the  electromagnetic  state-  and 
algebraic-equations  of  the  machine  (4.41)  on  page  110. 


;(ov,V  0  0  0 


c  = 

>  ’■'er 


-/ 

0 

0 

r  .  = 

~Ladq 

0 

5  ei 

V 

0 

0 

(4.39)  pg.  110 


Ll  rdq  U2  0  0 

LadqU 2  0  C«sdq0 


1-10 

Csadq0  0  1 


,  Cve  =  [o  0  co0fVd9  o] 


J  =  -C  1 C  and  J  ■  =  —C  1 C  ■ 

er  ee  er  ei  ee  ei 

A  =  C  J  ,  B  ■  =  C  J  ■ ,  C  =  C  J  &  D  .  =  C  J  .-r  1 

r  re  er’  ri  re  ei  ’  vr  ve  er  vi  ve  ei  s 


(4.43)  pg.  110 
(4.42)  pg.  110 


15 


Compute  the  coefficient  matrices  Ctidq  and  Ctv(l(i  in  the  shaft  acceler¬ 
ation  equation  (4.60)  on  page  115 


c  =  J_ 

1id‘i  (0 


0  L 


(v  +  2rsido)  (Vq0+2 rsiqo) 


and 


(4.54)  pg.  114 


Ctvdq  m 


0  L 


l  j  l 
do  la 


16 


Compute  the  transformation  matrices  between  the  generator  dq  and 
network  synchronously  rotating  RI  coordinate  systems. 


*(5„)  = 


cos(50) 

- 

sin(50) 

sin(50) 

cos(50) 

j 

'dR{  S)\ 

-sin(50) 

-cos(50) 

v  55  J  o 

cos(50) 

-sin(50) 

(4.103)  pg.  131, 
(4.106)  pg.  131 
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Step 


Operation 


Construct  the  coefficient  matrices  in  the  generator  state-  and  algebraic- 
equations  in  (4.117): 


Source 


17 


0 

cob 

0 

0 

Am  = 

0 

V2HJ 

0 

’  Bmi  ~ 

“(2//)  Cfid‘l 

0 

0 

Ar 

Bri 

0 

0 

0 

^ mv 

~G>7/)  Ctvdq 

>  Bm  = 

0 

(& 

0 

Ke 

0 

D. 


Vgl 


D. 


(  i  fix 


)idqo 


0  0 


Ding 


*(§(>)> 


(4.41)  pg.  110, 
(4.58)  pg.  114  & 
(4.60)  pg.  115 


18 


^8o)^0  o 


and  D 


vng 


R(  S0) 


Compute  the  generator  to  network  voltage  and  current  scaling  factors: 

Kv  =  ^ub^utKS  =  =  ff/ff  =  Ks/Kv, 


(4.115)  pg.  133, 

(4.116)  pg.  133 
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4.2.12  Transfer-function  representation  of  the  electromagnetic  equations 

In  the  previous  sections  fundamental  electromagnetic  circuit  concepts  were  employed  to 
provide  a  sound  physical  basis  for  modelling  the  dynamic  performance  characteristics  of 
synchronous  generators  in  terms  of  coupled  circuits.  However,  tests  to  directly  identify  the 
coupled-circuit  parameters  (resistances  and  inductances)  of  these  models  are  not  routinely 
performed  in  practice.  Rather,  parameter  identification  is  commonly  based  on  the  so-called 
“operational”  or,  in  modern  terminology,  “transfer-function”  representation  of  the  machine 
depicted  in  Figure  4.9.  In  the  transfer-function  representation  the  d-axis  of  the  machine  is 
represented  by  a  two-port  network  comprising  the  stator  and  field  terminals  and  the  g-axis 
by  a  single  port  network. 


ror(s)<P9(4) 


rs  GO') 

Jfd^  rfd 

▲  i 

®  b 

ZP) 

‘fp) 

Two-port 
d-axis  network 


ro,.(s)<Prf(s) 


Figure  4.9  General  transfer-function  representations  of  the  d-  and  (/-axis  of  the  synchro¬ 
nous  generator. 


The  transfer  impedance  representation  of  the  incremental  form  of  the  d-axis  two  port  net¬ 
work  can  be  shown  to  be  [22] 


Acp  d(s) 

=  ^ 

-A  >j(s) 

Acp yd(s) 

s 

Zl2(s)  Z22(s) 

A  ifd(s) 

(4.120) 


Note  that  the  impedance  matrix  is  symmetrical  since  the  network  is  passive  and  linear.  The 
scaling  of  the  impedance  matrix  by  the  base  electrical  frequency  occurs  because  one  second 
is  the  base  value  of  time.  The  following  hybrid  formulation  of  the  transfer  characteristic  is 
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useful  because  the  input  quantities  are  the  d-axis  stator  current  and  field  voltage  and  is  a  for¬ 
mulation  frequently  encountered  in  the  literature  (e.g.  [6,  15,  20,  21,  22,  23]): 


A(prf(s) 

Ld{s)  G(s) 

~Aid(s) 

Aifd{s) 

~^G(s)  Yf^s) 
a>b 

Aefd(s ) 

(4.121) 


The  three  d-axis  operational  parameters  are: 

Ld(s)  =  ^(Zn(s)-Zn{s)Yfd(s)Zn{s)) 


G{s)  =  ^Zn(s)Yfd(s)  '  (4A22> 

*fd(s)  =  (rfd  + 

in  which  Ld(s)  is  referred  to  as  the  “d-axis  operational  inductance"  of  the  stator  with  con¬ 
stant  field  voltage;  G(s)  is  the  “stator-to-field  transfer-function  ”  and  Yfd(s)  is  the  “opera¬ 
tional  admittance  of  the  field  with  the  stator  open-circuit”. 


The  single  port  representation  of  the  (/-axis  is: 

A<p900  =  — -fzq(s)Aiq(s)  =  ~Lq(s)Aig(s) .  (4.123) 

Lq(s)  is  referred  to  as  the  “q-axis  operational  inductance” . 


It  is  important  to  note  that  no  assumptions  have  been  made  at  this  stage  about  the  internal 
electromagnetic  structure  of  the  machine. 


4.2.12.1  Exact  relationship  between  coupled-circuit  and  transfer-function  representations  of 
the  electromagnetic  equations 

In  [12]  the  exact  relationships  between  the  coupled-circuit  formulation  of  the  electromag¬ 
netic  equations  in  Section  4. 2. 3. 4  and  the  transfer-function  representations  are  established. 
It  is  found  that  for  a  machine  with  nj  d-axis  rotor  windings  and  nq  (/-axis  rotor-windings  the 
transfer-functions  have  the  following  forms: 


T  /  \  ,  NLd^  ^  Ng(s)  Ny(s)  NLq(s ) 

L«(s)  ’  L‘i~5jP’G{s)  ‘  •  Vs)  ~  r«sjT) and  (4124) 

in  which  the  d-axis  numerator  polynomials  are: 

nd  nd -1  nd~l 

NLd(s)  =1+1  (ak/),NG(s)  =  1+2  (bkdsk) ,  Nfis)  =  1+2  (c*/) .  (4.125) 


k  =  1 


k=  1 


k=  1 


The  d-axis  denominator  polynomial  is: 
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nd 

Dd(s)  =  1  +  X  (dk/) .  (4.126) 

k=  1 

The  ^-axis  numerator  and  denominator  polynomials  are: 

nq  nq 

NLqW  =  1  +  I  («*/) and  Dq(*)  =  1  +  Z  ( V*)  •  (4-i27) 

k  =  1  *  =  1 

The  coefficients  in  the  above  polynomials  (i.e.  akd,  bkd,  etc.)  are  functions  of  the  coupled- 
circuit  parameters. 

It  is  normal  practice  to  factorize  the  d-axis  numerator  and  denominator  polynomials  such 
that: 

nd  n d -1  nd~l 

K,js)  =  n  v+sTdk)’  NcM)  =  n  (i+^ga)>  =  n  o +*?>*)>  (4.128) 

k  =  1  k  =  1  A  =  1 

nd 

Ddis)=  n  0  +  *W  (4-129) 

A  =  1 

wher  zTdk>Td(k+ly  Td0k>  Td0(k+ T(;k  >  TG(k  +  ,  ^  and  TYk>TY(k+l). 
Similarly,  for  the  g-axis: 

nq  nq 

NLq(s)  =  n  (1+SV  and  Dq(s)  =  n  (1+^oa)  (4.130) 

k  =  1  A  =  1 

such  that  Tqk  >  Tq{k+  1} ,  Tq0k  >  Tq0(k+  1} 

The  time  constants  Tdk,k=  1  ,...,nd  are  referred  to  as  the  “d- axis  principal  short-circuit 
time  constants”  and  are  denoted  as  the  d-axis  transient  (TJ),  subtransient  (7\")  and  sub¬ 
subtransient  (TJ")  short-circuit  time  constants.  The  denominator  time  constants  Td0k> 
k  =  1,  ...,  nd  are  referred  to  as  the  “d-axis  principal  open-circuit  time  constants”  and  are 
denoted  as  the  d-axis  transient  (Td0'),  subtransient  (Td0")  and  sub-subtransient  (Td0"') 

open-circuit  time  constants.  Analogous  definitions  apply  to  the  q- axis  principal  short-  and 
open-circuit  time  constants. 


As  shown  in  [12]  the  d-  and  q- axis  operational-inductances  can  also  be  expressed  as  sums  of 
partial  fractions  as  follows: 
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1 

Lp) 


1 

y*) 


T1 — )(i+/t  )  ’ where  Ld0  =  Ld  and  (4-131) 

Ld(k-  1)  1  + sldk 

XlTTr-)  ’ where  L ?o  =  L« '  (4'132) 

Lq(k-iyyL+S1qlc 


The  inductances  L(lk ,  k  =  1,  ...,  nd  in  (4.131)  are  referred  to  as  the  “d- axis  principal  dynam¬ 
ic  inductances”  and  are  denoted  as  the  d- axis  transient  (LJ ),  subtransient  (L," )  and  sub-sub- 
transient  (LJ")  inductances.  Analogous  definitions  apply  to  the  ^-axis  principal  dynamic 
inductances. 

The  exact  mathematical  relationships  between  (i)  the  coupled-circuit  parameters  and  (ii)  the 
time  constants  and  principal  dynamic  inductances  in  the  above  factorizations  of  the  opera¬ 
tional  parameters  are  very  complex  when  there  is  more  than  one  rotor-winding  in  an  axis. 
Exact  bi-directional  transformations  have  been  derived  between  the  coupled-circuit  param¬ 
eters  of  the  machines  and  the  transfer-function  parameters  in  [12],  Software  for  performing 
these  exact  transformations  are  available  on  the  website  of  this  eBook  [24], 

4.2.12.2  Classical  definitions  of  the  standard  parameters  in  terms  of  the  coupled-circuit 
parameters 

The  opportunity  for  considerable  simplification  in  the  relationships  between  the  coupled- 
circuit  and  standard  parameters  of  the  d- axis  has  long  been  recognized  (e.g.  Concordia  [20]). 
If  the  d- axis  is  assumed  to  be  represented  by  a  field  winding  and  one  damper  winding  the 
simplification  is  based  on  the  observation  that  the  d- axis  damper  winding  resistance  rld  is 
usually  much  larger  than  the  field  winding  resistance  r,d .  Consequently,  following  a  distur¬ 
bance  the  cf-axis  damper  winding  flux -linkages  tend  to  decay  much  more  rapidly  than  those 
of  the  field.  Thus,  the  relatively  rapid  rate  of  decay  of  the  damper  winding  flux-linkages  in 
the  so-called  subtransient  period  immediately  following  a  disturbance  can  be  approximated  by 
assuming  that  rjd  =  0  and  that  the  field  flux  linkages  remain  constant  during  this  period. 

The  behaviour  of  the  generator  in  the  transient  period  which  follows  the  subtransient  period 
is  approximated  by  neglecting  the  damper  winding  (i.e.  r](j  =  Lid  =  oo)  on  the  assumption 
that  the  damper  winding  current  has  decayed  to  zero.  Finally,  the  behaviour  in  the  steady- 
state  period,  following  the  decay  of  the  transient  response,  is  approximated  by  neglecting 
both  the  damper  and  field  windings.  By  applying  these  approximations,  the  “classical  defi¬ 
nitions”  of  the  standard-parameters  in  terms  of  the  coupled-circuit  parameters  result.  By  ap- 
plying  analogous  approximations  to  the  q-a.xis  and  extending  the  approximations  to  axes 
with  three  rotor-windings,  classical  definitions  of  the  standard  parameters  in  terms  of  the 
coupled-circuit  parameters  are  obtained  in  [12].  In  the  case  of  a  d- axis  represented  with  two 
rotor-windings  it  is  usually  found  that  there  is  little  difference  between  the  standard  param¬ 
eters  which  are  specified  in  accordance  with  the  exact  definitions  and  those  which  are  spec- 


142 


Generators,  FACTS  devices  &  system  models 


ified  in  accordance  with  the  classical  definitions.  However,  if  the  ^-axis  is  represented  with 
two  or  more  windings,  or  if  the  d- axis  is  represented  by  three  rotor  windings,  the  accuracy 
of  the  classical  approximations  of  the  standard  parameters  may  be  considerably  diminished. 
This  is  because  there  is  greater  overlap  between  the  transient  and  subtransient  periods  of  the 
<7~axis  than  occurs  in  the  d- axis.  Similarly,  when  three  rotor  windings  are  represented  there 
is  a  tendency,  particularly  in  the  ^-axis,  for  there  to  be  overlap  between  the  transient,  sub¬ 
transient  and  sub-subtransient  periods  with  consequential  inaccuracy  of  the  classical  approx¬ 
imations  of  the  standard  parameters. 

Table  4.10  gives  the  transformation  from  given  coupled-circuit  parameters  to  the  classically- 
defined  principal  open-  and  short-circuit  time  constants  and  the  principal  dynamic  induct¬ 
ances  for  the  d-  or  ^-axis  represented  by  one,  two  or  three  rotor-windings  respectively. 
Table  4.11  gives  the  inverse  transformation  (i.e.  classically-defined  standard  parameters  to 
coupled-circuit  parameters).  If  the  transformations  are  being  performed  for  the  d-axis  the 
subscript  ‘a’  in  these  tables  is  substituted  with  ‘d’;  ‘I’  with  ‘P;  ‘2’  with  T’  and  ‘3’  with  ‘2’.  Thus, 
La  is  replaced  by  Ld\  by  r2a  by  rl d;  Ta'  by  TJ  ,  etc.  If  the  ^-axis  parameters  are 
being  converted  then  the  subscript  ‘a’  is  substituted  with  ‘q’.  An  exception  to  the  above  rules 
is  that  the  airgap  mutual  inductance  Laa  is  substituted  with  Lad  or  Laq  depending  on  which 
axis  is  being  converted.  These  transformations  assume  that  unequal  coupling  between  the 
d-axis  rotor  windings  is  neglected  (i.e.  Zcl  =  Lc2  =  0). 

When  the  ^-axis  is  represented  with  a  single  rotor  winding  it  is  conventional  practice  to  label 
the  standard  parameters  as  being  the  subtransient  parameters  (i.e.  (i.e.  TqQ  ,  T  "  and  L" ) 

instead  of  the  transient  parameters  V’  and  Lq  .  This  is  because  the  principal  g-axis 

time  constants  for  a  machine  whose  g-axis  is  adequately  represented  by  a  single  rotor  wind¬ 
ing  tend  to  be  short.  Thus,  in  this  scenario,  in  order  to  apply  the  conversions  in  Tables  4.10 
and  4.1 1  it  is  necessary  to  substitute  the  transient  parameters  in  the  tables  with  the  given  sub¬ 
transient  q-axis  parameters. 

The  electromagnetic  equations  in  some  widely-used  simulation  packages  are  formulated  di¬ 
rectly  in  terms  of  the  classically-defined  standard  parameters.  This  classical  parameter  for¬ 
mulation  of  the  model  is  summarized  in  Section  4.2.13.  It  is  emphasised  that  the  classical 
parameter  formulation  is  exactly  equivalent  to  the  coupled-circuit  formulation  provided  ( i )  that 

the  unequal  coupling  between  the  d-axis  rotor  windings  is  neelected,  and  (ii)  that  the  same  meth¬ 

od  for  representing  magnetic  saturation  is  employed  in  the  two  models. 
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Table  4.10  Classical  definitions  of  the  principal  short-  and  open-circuit  time  constants 
and  dynamic  inductances  in  terms  of  the  coupled-circuit  parameters  for  the  d-  or  g-axis 
represented  with  na  =  0,  1,  2  or  3  rotor  windings.  [CC2CS] 


Inputs:  Coupled- 
circuit  parameters 

Outputs: 

Classically-defined  standard  parameters 

Synchronous  parameters  (na  >  0) 

L  ,  L, 

aa 9  l 

L  =  L  +L, 

a  aa  l 

Transient  parameters  (na  >  0) 

''la  >  a 

T'~  1  f  L,  +LaaLf] 

“  ™br\ La  > 

L  +L, 

rji  i  aa  1  a 

«Vl« 

L'~  1  +Li-(T“)l 

a  1//-  +  1  /j  l  \t  v  a 

V/Laa  V/L\ a  1  aO 

Subtransient  parameters  (na  >  1) 

r2 a  ’ 

T  "  -  1  (l.  +  Lac,LlLxa  ) 

®br2a  a  LaaLl  +  LaL\a 

rr  tt  _  rr  _  1  (  r  \  aa  ^ 

°011  (0hrA  2a  L  +L.  ) 

b  2a  aa  la 

L  "  -  1  +Ll  ~  (  T°  )l  ' 

*  +  +  7  VTa0"J  ° 

Laa  L\a  L2 a 

Sub-subtransient  parameters  (na  >  2) 


r3a  ’  ^3 a 


J7  = 


L,  + - i - 

3a  -  +  —  +  —  +  — 
Ll  Laa  L\  a  L20j 


r 


T  hi  _ 

1  a  0 


1 


A 


Li  H - 

3fl 

Laa  Ll  a  L2  aJ 


L  =  - - - +L,  =  (— " 

*  i  +  i  +  J_  +  A_  7  « 

Laa  L\ a  Lla  L3 a 
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Table  4.11  Derivation  of  coupled-circuit  parameters  from  the  classically-defined  open- 
circuit  time  constants  and  dynamic  inductances  for  the  d-  or  q-a.xis  represented  with 
na  =  0,  1,  2  or  3  rotor  windings.  [CS2CC] 


Inputs: 

Classically-defined 

standard 

parameters 

Outputs: 

Coupled-circuit  parameters 

na  —  0 

La>Lt 

L  =  L  -Lj 

aa  a  l 

na>« 

T  '  T  ' 

1  aO  9 

(L(1-L1)(Lq  -Lj) 

U  Va~La') 

1  (ta-L,)2 

’la  ^bTa^La-L;) 

na>l 

rr  tt  r  n 

1  a 0  >  La 

Va-WW-Lt) 

2U  Va  ~La') 

1  (La-Lf 
'la  VhTao"(La-La") 

na>2 

rr  in  r  in 

1  aO  ’A 

(La'-L^L^-L,) 

3a  ( La"-L ;") 

i  (v-^)2 
'3fl  ^o'"(V-V') 

Use  L;  =  {Ta'/Ta(;)La,  L”  =  (TaVTa0")LJ  and 
L”'  =  (T”'/Tao")L”  to  derive  the  principal  dynamic 
inductances  if  the  principal  short-  and  open-circuit  time 
constants  are  given;  or  use  T Q'  =  (L  /L')T' 

Ta0  =  (La'/La")Ta"  and  T fl0"'  =  (L”/L”')T”'  if 

the  principal  dynamic  inductances  and  short-circuit  time 
constants  are  given. 

Sec.  4.2 


Classical  parameter  model  of  generator 
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4.2.13  Electromagnetic  model  in  terms  of  classically-defined  standard  parameters 

Some  widely  used  rotor  angle  stability  analysis  software  packages  employ  generator  models 
which  are  formulated  direcdy  in  terms  of  the  classically-defined  standard  parameters.  It  is 
shown  in  [12]  that  the  “Classical  Parameter  Model"  is  exactly  equivalent  to  the  coupled-circuit 
formulation  of  the  electromagnetic  equations  provided  (i)  unequal  coupling  between  the  d-axis 
rotor  windings  is  neglected;  and  (ii)  the  same  representation  of  magnetic  saturation  is  employed. 

The  transfer-function  block-diagram  representation  of  the  classical  parameter  model  shown 
in  Figure  4.10  is  often  presented  in  the  literature  [34, 13  (vol  3)].  The  associated  state-  and 
algebraic-equations  for  the  model,  which  are  rigorously  derived  from  the  underlying  cou¬ 
pled-circuit  formulation  of  the  model  in  [12],  are  summarized  in  Section  4.2.13.1.  The  rela¬ 
tionships  between  the  classically-defined  standard  parameters  and  the  underlying  coupled- 
circuit  parameters  are  given  in  Tables  4.10  and  4.11  of  Section  4.2.12.2. 


Please  turn  over  to  Figure  4.10. 


Figure  4.10  Transfer- function  block  diagram  representation  of  the  d-  and  g-axis  rotor-winding  equations  in  terms  of  the  classically- 
defined  standard  parameters.  The  effects  of  magnetic  saturation  is  represented  by  the  demagnetizing  I sd  and  /  in  the  respective  axes. 
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4. 2.13.1  Summary  of  classical  parameter  electromagnetic  model  equations 
The  d- axis  rotor  winding  equations  in  terms  of  the  classically-defined  standard  parameters 
are  summarized  below.  The  equations  are  applicable  to  models  with  up  to  three  rotor  wind¬ 
ings  (i.e.  nd  =  3).  Note  that  the  field  voltage  and  current  are  expressed  in  the  non-reciprocal 
per-unit  system  as  is  the  demagnetizing  current,  I  representing  the  effects  of  magnetic 
saturation  in  the  d-axis. 


Field  Winding  Equations 

Note:  i2d  =  0  if  nd<3  and  ild  =  0  if  nd<2 
dg>l  j 

"5T  - 


tfd  ~  Vd  +(Ld~Ld)(ld~('ld+  '2d^+Isd 

First  (/-axis  Damper  Winding  Equations  (include  if  nd  >  1) 


d(Pn 

dt 


1 

t  n  *P.v  1  d  ’ 

1  dO 


Vsld  <P d  Vld+(Ld  Ll)(h  d  *</)  = 


f  I  '  _  i  " 
Ld  Ld 


‘Id 


d-L /)■ 


Vsld’ 


2  Tj 


(4.133) 

(4.134) 

(4.135) 

(4.136) 

(4.137) 


I  "-T 
L_d_ _ h, 

Lj-h 


<?d 


!  + 


I  '—1  " 
Ld  Ld 

Ld'~Ll 


<P  id- 


Second  d- axis  Damper  Winding  Equations  (include  if  nd  >  2) 


dg> 


2d 


dt 


ld0 


~<^s2d  ’ 


ys2d  <P d  ^2  d  ( Ld  Ldid’ 


(  l  »  _  l  " 
Ld  Ld 


‘2d 


HV-V 


*Ps2d’ 


(4.138) 


(4.139) 

(4.140) 

(4.141) 


Vd 


(4.142) 


The  (/-axis  rotor  winding  equations  in  terms  of  the  classically-defined  standard  parameters 
are  summarized  below.  The  equations  are  applicable  to  models  with  up  to  three  (/-axis 
damper  windings  (i.e.  nq  =  3).  By  analogy  with  the  field  winding,  the  current  in  the  first  q- 

axis  damper  winding,  f  q ,  is  expressed  in  the  non-reciprocal  per-unit  system  such  that 
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I \q  =  Laq  ilq.  Similarly,  the  g-axis  saturation  demagnetizing  excitation  current,  Isq ,  is  in 
per-unit  in  the  non-reciprocal  base  system  (i.e.  I sq  =  Laq  isq). 

First  tf-axis  Damper  Winding  Equations 


Note:  ;'3(/  =  0  if  nq  <  3  and  i2q  =  0  if  nq  <  2  . 
d(p  '  i 

— 2-  =  1  (_j  \ 

dt  T  W’ 


<?0 


(-V  =  -^  +  (Lq-Lq')((i2q  +  i3q)-iq)-Isq. 

Second  tf-axis  Damper  Winding  Equations 

d(?2  q  _  1 


dt 


t  s2q  5 
1  qO 


VS2q  =  + 

|  ^  s2q  ’ 


'2  q 


(  L  '-L  " 

‘I  ‘t 

Vl'-l,)- 


W-v  *  ^;-v 


L’-L 


^2q 


Third  ty-axis  Damper  Winding  Equations 

d(?3q  1 


T  '"4*^30  ’ 
1  90 


<P*3*  = 


3? 


f  L"-L 
q  g  ' 


(P, 


lLq"~L 
?»!  —  */ 


;)<»/+( 


Z  "-Z  " 

q _ £. 


i  "  _  i 
Lq  Ll 


<?3c 


(4.143) 

(4.144) 

(4.145) 

(4.146) 

(4.147) 

(4.148) 

(4.149) 

(4.150) 

(4.151) 

(4.152) 


It  is  noted  that  the  d- axis  transient  flux  linkages  <pj  are  related  to  the  field  winding  flux  link¬ 
ages  (p <fd  in  the  underlying  coupled  circuit  model  as  follows: 


<Prf 


Ld~Ll 


(P fd- 


(4.153) 


Furthermore,  it  is  common  practice  to  define  the  transient  g-axis  voltage  E  1  which  is  in 
quadrature  with  vpj  such  that  E  '  =  .  Since,  for  the  purpose  of  small-signal  modelling, 
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perturbations  in  the  rotor-speed  are  neglected  in  the  formulation  of  the  electromagnetic 
equations  it  follows  that  E  '  =  a>0(p^'  and,  in  the  usual  case  when  a>0  =  1  then  E  ’  =  cp^' . 


By  analogy,  in  the  g-axis  <p?'  =  ( 


L  -L  ' 
_2 _ <L 

Lq~Li 


and  EJ  =  co(p?' . 


To  facilitate  the  formulation  of  the  stator-winding  d-axis  flux  linkage  equations  the  follow¬ 
ing  d-axis  “^’-transient  flux -linkage”  (<Pj)  and  “^’-transient  inductance”  (Ld)  quantities  are 
defined  depending  on  the  number  of  d-axis  rotor-windings: 

<P  d  if  nd  =  1 
4>  d='Vd  ifnd 
.9/ 

-  and  similarly  for  the  g-axis. 


2  and  Ld  =  < 


(LJ  if  nd  =  1 

V  if»rf=2 


if  nd  =  3 


if  nd  =  3 


(4.154) 


The  d-  and  g-axis  stator  winding  flux  linkage  equations  are  respectively: 

4>rf 


4> d-Ljd  and 


k  T  k  . 
Wq-Lqlq- 


(4.155) 


The  following  expressions  for  the  d-  and  q-axis  airgap  mutual  flux  linkages  are  derived  in 
terms  of  the  ^-transient  flux-linkages  and  inductances  from  (i)  the  coupled-circuit  equa¬ 
tions  for  the  airgap  flux  linkages  in  (4.12)  on  page  105  with  s  =  2  (i.e.  Method  2  for  rep¬ 
resenting  magnetic  saturation);  and  (ii)  from  the  equations  for  the  d-  and  ^-axis  flux  linkages 
in  (4.23)  on  page  106  and  from  (4.155). 

4* ad  =  ^fd  +  Ladj-hd  +  i2d~id^~Isd  =  4 )d  +  Llid  =  4 ',d~^Ld~Ll'>ld  and  (4.156) 

4 \q  =  Ilq  +  Laqu(i2q  +  hq-iq)-ISq  =  Vq+Wq  =  4>J  “  (Lq~  Ll)1  q-  (4-157) 


From  the  coupled-circuit  equations  for  the  stator-voltage  components  in  (4.25)  on  page  107 
and  the  preceding  equations  for  the  airgap  flux  linkages  the  following  equations  for  the  el¬ 
and  q-axis  stator  voltage  equations  are  derived. 


Vrf-®  o4C 


-Vrf+VVtf-®  o4E 


—  r  i  j—  con(/i  +  L  (/0  +  i-j  )  —  ((L  +  L j)i  +  /  )) ) 

s  a  0V  \q  aq 2 q  3 q'  aqu  r  q  sq' ' ' 


and 


(4.158) 


Vq  =  -rsiq  +  (O0(Pd  =  ~rsiq-(a0Ldid  +  W()(pkd 

=  "  rsiq  +  ®0 (ffd  +  Lad(l  1  d  +  *2 d>  ~  (( Ladu  +  Ll>ld  +  hd^  ) 


(4.159) 
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4.2.13.2  Magnetic  saturation  in  the  classical  parameter  model 

Saturation  Method  2  in  Section  4.2. 8.2,  in  which  the  demagnetizing  effect  of  magnetic  sat¬ 
uration  is  represented  by  deducting  a  component  of  excitation  current  from  each  axis,  is 
used  in  the  classical  parameter  model.  In  that  section  the  resultant  airgap  flux  linkages  were 
chosen  to  represent  the  level  of  flux-linkages  on  the  saturation  characteristic.  This  choice 
can  also  be  applied  to  the  classical  parameter  model.  However,  some  widely  used  commer¬ 
cial  software  packages  choose  other  flux  quantities  to  represent  the  level  of  saturation.  These 
alternative  choices  change  both  the  initial  steady-state  operating  condition  of  the  machine 
as  well  as  the  dynamic  response.  Two  such  alternative  choices  are  considered  below. 

4.2,13.2.1  Resultant  -transient  flux-linkages  as  the  saturation  level  indicator 

When  saturation  of  both  the  d-  and  q- axis  is  to  be  represented  the  resultant  ^-transient  flux- 

k 

linkages  cp  is  sometimes  used  as  the  saturation  level  indicator,  particularly  when  represent¬ 
ing  round-rotor  machines. 

<P*  =  * /(<pJ)2  +  (<P*)\  (4.160) 

and  the  demagnetizing  currents  in  the  respective  axes  are 

hd  =  L ad jsd  =  <P and  hq  =  Laqjsq  =  ^q^  •  (4A61) 


The  initial  steady-state  values  of  the  saturation  level  indicator  and  the  saturated  d-  and  q- axis 
airgap  inductances  are  now  derived.  Once  these  values  are  determined  the  procedure  out¬ 
lined  in  Section  4.2.13.3  can  be  used  to  calculate  the  initial  steady-state  values  of  the  other 
generator  variables. 


The  following  expression  for  the  initial  steady-state  value  of  the  d-axis  saturation  demagnet- 

k 

izing  current  is  obtained  by  substituting  for  the  yet  unknown  value  of  from  (4. 161)  into 

(4.156)  and  recognizing  that  under  steady-state  conditions  the  damper  winding  currents  are 
zero. 


Srf(<P  0) 


G  • 


l+Srf(q>oV 


(4.162) 


Similarly,  the  steady-state  ^-axis  saturation  demagnetizing  current  is  given  by: 


Sq(n) 


n  +  sA(p0  y 


(L  +L,-L)i  . 
K  aiu  1  v’  <io 


(4.163) 


The  following  expressions  for  the  steady-state  values  of  the  d-  and  ^-axis  stator  voltages  are 
obtained  by  substituting  the  saturation  demagnetizing  current  components  from  equations 
(4.162)  and  (4.163)  into  equations  (4.158)  and  (4.159)  to  yield: 
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=  -  rjj  +  to nL  and  v„  =  -rj„  -  to nL  ,  i,  +  to 


's‘d  o  w0 


4o 


To  "Ol 


(  7/rfo 

1  +  ^W 


in  which 


(4.164) 


\  = 


'Lad.+(Ld-Ll)Sd(^ 


1+W) 


+  L,  and  Ln  = 
1 


'Laqu  +  (Lkq-L,)Sq{^ 


l+Wo) 


+  Z,  (4.165) 


From  equations  (4.82)  on  page  125  and  (4.164)  the  initial  steady-state  voltage  phasor  is: 

J'Yo 


V>  =  VtOe  =  vdO+JvgO  =  -(rs+Jm0Lq)I+JE, 


Vo’ 


(4.166) 


in  which  /  =  IqJ  y°  =  id0  +  jiq0  is  obtained  from  (4.83)  in  terms  of  the  initial  steady- 
state  real  and  reactive  power  output  and  stator  voltage  magnitude  and 


=  roo 


fdo 


1  4-  c  c  {Ldo 

1+^(9  o) 


Equation  (4.166)  is  rearranged  into  the  same  form  as  equation  (4.97)  on  page  127 

T  r  .  /  ,  .  r  S.J  7Po\  YYo  „  J(n/2) 

Vtn  +  (rs+J®  0LqVoe  V  =EJ 


(4.167) 


(4.168) 


from  which  the  initial  steady-state  value  of  the  angle  by  which  the  voltage  phasor  leads  the 
d-axis,  is  given  by: 


7o 


;-atan2(/0(rssin(30  +  K)0i  cosP0),  ( V  +  70(r?cosP0  -  co0Z  sinP0))).  (4.169) 


2  '  U'  *  ■  u  u  q0  •  U"  -  10  U'  4  ■  u  u  q0 

This  equation  is  identical  in  form  to  the  calculation  of  y0  in  equation  (4.98)  on  page  128  for 
the  coupled-circuit  formulation  of  the  model.  However,  the  value  of  Lq  is  different  be¬ 
tween  the  coupled-circuit  and  classical  parameter  formulations  because  different  representa¬ 
tions  of  saturation  are  used  in  the  respective  formulations. 


In  order  to  calculate  the  initial  steady-state  value  of  the  g-axis  synchronous  reactance  Lq  in 

equation  (4.165)  it  is  necessary  determine  the  initial  value  of  the  resultant  ^’-transient  flux- 

k  ....  A: 

linkages  cp0  and  thence  the  value  of  the  (/-axis  saturation  characteristic  ^((Pq)  .  In  the  case 

k  k 

where  Lq  =  Ld  it  can  be  shown  that: 


k 

90 


V.  + 


rsP  0  +  aOLdQo 


V , 


(00EdP0  rsQ  0 


V. 


(4.170) 
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However,  when  the  ^-transient  inductances  in  the  respective  axes  are  unequal  a  closed 

k 

form  solution  for  cp0  is  not  possible.  In  this  case  the  following  set  of  three  simultaneous 
non-linear  equations  must  be  solved  iteratively  to  determine  the  initial  steady-state  values 

Lq0 ’  A)  and  vj- 


L 


9  o 


To 


i+^(v5)  J 

5-atan2(70(rssinP0  +  G)0Z,9oCOsP0),(T,o  +  70(rJcosP0.-*G)0T9oSinP0)))  (4-171) 


k 

Vo 


(0 


r/  -fro,,  ,  .  Tk.j  X To’ 

V  +(G+7®0I9)V 


3o)  +j(d0(Ld  -  zS/0cos(y0  +  P0) 


k 

Having  solved  for  the  initial  value  of  the  saturation  level  indicator  cp0  from  equation  (4.170) 
or  (4.171)  the  initial  values  Lj  and  are  obtained  from  (4.165). 


4.2,13.2.2  Transient  ti-axis  flux -linkages  as  saturation  level  indicator 

When  saturation  only  of  the  d-  axis  is  to  be  represented  the  transient  flux -linkages  (pj  are 

sometimes  used  as  the  saturation  level  indicator.  This  approach  is  sometimes  used  to  repre¬ 
sent  saturation  in  salient  pole  machines.  In  this  case  the  d-  and  ^-axis  saturation  demagnet¬ 
izing  currents  are  respectively: 

4rf  =  v;W)  and  7^  =  0.  (4.172) 

Since  it  is  assumed  that  the  ^-axis  is  unsaturated  it  follows  that: 

Lqo  =  Laqu  +  Ll>  W>  =  0  (4.173) 

and  the  initial  steady-state  value  of  y0  is  calculated  according  to  (4.98)  on  page  128;  the  in¬ 
itial  steady-state  values  and  idq  are  calculated  from  (4.99). 


The  objective  of  the  following  steps  is  to  calculate  the  initial  steady-state  value  (pd  '  taking 

account  of  saturation.  The  following  expression  for  the  initial  steady-state  value  of  the  d- axis 
saturation  demagnetizing  current  is  obtained  by  substituting  for  q>d  '  from  (4.134)  into 

(4.172)  and  recognizing  that  under  steady-state  conditions  the  damper  winding  currents  are 
zero. 


^(Vd')  ) 


^fd-^Ladu  +  LrLd)\y 


(4.174) 
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The  following  expressions  for  the  steady-state  values  of  the  d-  and  g-axis  stator  voltages  are 
obtained  by  substituting  for  the  above  expression  of  the  d- axis  saturation  demagnetizing 
current  component,  together  with  /  =  0  ,  into  equations  (4.158)  and  (4.159)  to  yield: 


=  -  +  ®o(^„  +Ll)icIo  >  %  =  -  'Vqo  ~  ®o  LJd0  +  “ol 


Vdo 


1+^(9,') 


and  L  ,  = 


fLad„  +  (LJ-Li)SMy\ 


1+^(9,0') 


+  L, 


(4.175) 

(4.176) 


Following  a  procedure  similar  to  that  in  equations  (4.166)  to  (4.168)  the  following  relation¬ 
ship  is  obtained 


<vrf„  +/%)  +  (r,  +j<o0Lq)(idn  +jij  =  j  a)0 


ao  J  9o' 


Jda 


(4-17Tl 


By  equating  the  imaginary  components  of  the  above  expression  the  following  equation  for 
the  field  current  is  obtained: 


Jfd0 


1+^(9,  7 


cor 


(%  +  'y'„n  +  ®o  LdJdr)- 


9  o 


(4.178) 


By  substituting  for  Ijd  and  from  equations  (4.178)  and  (4.172)  into  equation  (4.134) 


on  page  147  the  following  expression  for  <p^'  is  derived: 

(v„  +  rj„  +  L!i„ 


vq  0  'A  o  AA 

(Or 


(4.179) 


v 

The  value  of  (prf  '  is  now  back-substituted  into  equation  (4.1 76)  to  obtain  the  initial  saturated 
value  of  the  d-axis  synchronous  inductance  Ld^ .  This  value  of  Ld  together  with  the  value 
of  Lq  in  (4.173)  are  used  to  calculate  the  initial  values  in  (4.99)  on  page  129. 

4.2,13.2.3  Resultant  airgap  flux -linkages  expressed  in  terms  of  ^-transient  flux-linkages 
and  stator-current  components 

As  explained  in  Section  4.2. 8.2,  when  the  resultant  airgap  flux-linkages  are  chosen  to  repre¬ 
sent  the  saturation  level,  the  saturation  demagnetizing  current  components  are  given  by: 

lsdg  =  Sdq(  Vag)Vadq,  (4.180) 

in  which  Sdq( 9flg)  =  ®(^(9flpA9(9flg))  and  (pug  =  J(fadg)T(fadq)  ■  (4.181) 
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In  the  present  context  of  direcdy  representing  the  machine  in  terms  of  the  classically-defined 
standard  parameters  it  is  convenient  to  express  the  airgap  flux-linkages  in  terms  of  the  k th- 
transient  flux  linkages  and  stator  winding  current  components.  Thus,  from  equations  (4.156) 
and  (4.157)  on  page  149  it  follows  that: 

fadq  =  fdq  ~  Laidqidq  In  which  L aidq  =  53 ((Lj-L,),  (Lq-L,)) .  (4.182) 

Substituting  for  <Pad  from  the  preceding  equation  in  (4.1 80)  yields  the  following  expression 
for  the  saturation  demagnetizing  current  components: 

l,dq  =  Sdq^ag)^dq-Sdq^ag)Laidqidq.  (4.183) 

4.2. 13.3  Balanced  steady-state  operating-conditions  of  the  classical  parameter  model 
As  in  the  case  of  the  coupled-circuit  representation  of  the  generator  model  it  is  assumed  that 
the  steady-state  generator  stator  voltage  magnitude,  Vf0 ,  and  the  real  and  reactive  power  out¬ 
put  P 0  =  P and  Q 0  of  the  generator  are  given  in  per-unit  of  the  generator  base  quantities. 

The  procedure  for  calculating  the  generator  steady-state  initial  conditions  for  the  classical 
parameter  model  is  the  same  as  that  described  for  the  coupled-circuit  formulation  of  the 
generator  model  in  Section  4.2.9  except  that  the  initial  saturated  values  of  the  d-  and  </-axis 
synchronous  inductances  Lad  and  Laq  in  equation  (4.86)  on  page  126  are  modified  de¬ 
pending  on  the  method  used  to  represent  the  level  of  magnetic  saturation  as  summarized  in 
Table  4.12. 


Table  4.12  Initial  values  of  the  saturation  level  and  the  corresponding  saturated  values 
of  the  d-  and  ^-axis  synchronous  inductances  depending  on  the  method  of  representing  the 

level  of  magnetic  saturation. 


# 

<P,„0 

Calculation  of  (Dm 

mo 

Calculation  of  L„  j  and  L„„ 

aa0  ac10 

1 

Calculated  according  to  (4.68)  pg.  121 

Calculated  according  to  (4.86)  pg.  126 

2 

-6 

O 

k  k  k 

If  Lq  =  Ld  then  (p0  is  calculated 

k 

according  to  (4.170);  otherwise  (p0  is 

obtained  from  the  iterative  solution 
of  (4.171). 

Calculated  according  to  (4.165) 

3 

^o' 

Calculated  according  to  (4.179) 

Calculated  according  to  equations 
(4.176)  and  (4.173)  respectively. 

The  initial  values  of  the  saturation  demagnetizing  currents  in  the  non-reciprocal  per-unit 
system  are 
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Jsd0  =  ^((p„,o)<Pmo  and  Isqa  =  59((p;„o)(pmo,  (4.184) 

where  (p.„  is  the  initial  value  of  the  saturation  level  indicator  from  Table  4.12.  The  initial 
mo 

values  of  the  following  d-  and  q-a.xis  rotor  winding  variables  are  deduced  from  equations 
(4.133)  on  page  147  to  (4.152)  on  page  148. 


<Plrfo 


‘Ur 


Vdn 


{Ifd0 


-IsdJ-(Ld~Ld')idl 


Vfilo  *sdi 

0 


=  0 


-IsdJ-(Ld~Ld”)idn 


V2dn 


Vsldr, 


‘2  dn 


*dn 


0 

0 

Vfd-hdJ-itd-tDi, 


71«0 

o 

II 

< 

o 

S3- 

<N 

9- 

~~  7s9o 

Ws2q0 

=  0 

=  0 

~  © 
S3- 

9- 

~~  7S90 
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(4.185) 


4.2.13.4  Linearization  of  the  classical  parameter  formulation  of  the  electromagnetic  equations 
In  this  section  the  generator  d-  and  ^-axis  rotor-winding  equations  (4.133)  on  page  147  to 
(4.152)  on  page  148,  the  generator  stator  voltage  equations  (4.158)  and  (4.159)  on  page  149 
and  equations  in  Section  4.2.13.2  representing  the  effects  of  magnetic  saturation  are  line¬ 
arized  about  the  initial  steady-state  operating  point  determined  in  Section  4.2.13.3.  The  ob¬ 
jective  is  to  reduce  the  linearized  electromagnetic  equations  of  the  machine,  expressed  in 
terms  of  the  classically-defined  standard  parameters,  to  the  following  matrix  form.  This  for¬ 
mulation  is  structurally  similar  to  that  for  the  coupled-circuit  model  equations  in  (4.41)  on 
page  110. 


PA{?dqc 

1  ^ 

£ 

A  /  . 
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\e 
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C  D  -/ 

vr  vi 

S3-  S3- 

33  "33 

>1 

1  <  , 
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A  E 


‘fd- 


(4.186) 


The  differences  between  the  above  classical  parameter  formulation  and  that  of  the  coupled- 
circuit  parameter  formulation  in  (4.41)  are  (i)  the  vector  of  rotor-winding  state-variables 
cp^  in  the  classical  parameter  formulation  is  different  to  that  in  the  coupled-circuit  formu¬ 
lation  (Pr(lq ;  (ii)  the  field-voltage  input  in  the  classical  parameter  formulation  is  in  per-unit 
in  the  non-reciprocal  base  system  (i.e.  Ejd)  whereas  in  the  coupled-circuit  formulation  it  is 
in  per-unit  in  the  reciprocal  base  system  (i.e.  eyrf);  (iii)  although  the  coefficient  sub-matrices 
in  the  two  formulations  have  the  same  names  their  values  are  different.  Since  the  two  alter- 
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native  formulations  of  the  generator  electromagnetic  equations  are  structurally  the  same 
they  can  be  used  interchangeably  within  the  complete  model  of  the  generator  which  is  de¬ 
picted  in  Figure  4.1  on  page  92.  The  linearized  rotor-equations  of  motion  developed  in  Sec¬ 
tions  4.2.5  and  4.2.6  are  applicable  to  the  classical  model  as  are  the  equations  in 
Section  4.2.10  which  provide  the  interface  between  the  dq  reference  frame  and  the  synchro¬ 
nously  rotating  network  RI  reference  frame. 

The  rotor  d-  and  q-a.xis  state-variables  in  the  classical  formulation  are  respectively: 

T  T 

%d  =  [‘Prf  <Pi  d  «P2rf]  and  =  [<P9'  <Pi9  92  J  •  (4-187) 


The  detailed  derivation  of  the  coefficient  matrices  in  the  linearized  electromagnetic  equa¬ 
tions  of  the  generator  in  (4.1 86)  is  given  in  Appendix  4—1.  Once  these  equations  are  formed 
the  linearized  state-  and  algebraic  equations  of  the  generator  including  the  rotor  equations 
of  motion  and  interface  with  the  network  are  formulated  as  in  (4.1 17)  on  page  133  but  with 
Ax  and  A u  redefined  as  follows: 


Ax 

~r 


and  Au  = 

AE/d 

Acp 

I  cq 

~  m 

ATm_ 

(4.188) 


4.2.14  Generator  parameter  conversions 

Conventionally  synchronous  generator  parameters  are  provided  in  the  form  of  standard  pa¬ 
rameters.  These  are  based  on  manufacturers’  design  calculations  or  the  results  of  actual  tran¬ 
sient  response  tests,  such  as  sudden  short-circuit  or  load-rejection  tests. 

As  explained  in  Section  4.2.12  the  standard  parameters  are  ambiguous  if  they  are  specified 
without  also  specifying  whether  they  conform  to  their  ‘Classical’  or  ‘Exact’  definitions.  Fur¬ 
thermore,  it  is  important  to  know  if  the  standard  parameters  are  ‘saturated’  or  ‘unsaturated’. 
If  saturation  is  being  modelled  explicitly  then  the  ‘unsaturated’  machine  parameters  should 
be  used.  Conversely,  if  saturation  is  not  being  modelled  explicitly,  the  ‘saturated’  machine 
parameters  should  be  used,  though  this  approach  to  the  representation  of  saturation  in 
small-signal  stability  analysis  is  not  recommended. 

It  is  frequently  the  case  that  data  supplied  by  manufacturers  is  based  on  the  ‘Classical’  defi¬ 
nitions,  although  this  is  not  always  so.  While  the  difference  may  be  insignificant  in  the  case 
of  salient  pole  machines,  it  may  not  be  so  when  round  rotor  machines  are  modelled  with 
two  (/-axis  damper  windings.  In  the  latter  case  it  is  possible  that  significant  errors  in  predict¬ 
ed  system  responses  will  occur  if  the  software  assumes  the  parameters  conform  to  the  ‘Clas¬ 
sical’  definition  when  the  standard  parameters  input  to  the  program  are  actually  specified 
according  to  the  ‘Exact’  definitions  or  vice-versa. 
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Some  software  packages  represent  the  machine  internally  using  the  coupled-circuit  formu¬ 
lation  although  the  user  is  permitted  to  input  standard  parameters.  The  software  package 
then  internally  converts  the  user-supplied  standard  parameters  to  coupled-circuit  parame¬ 
ters.  Again,  to  avoid  ambiguity,  it  is  important  that  the  user  is  aware  whether  the  software 
requires  that  the  standard  parameters  conform  to  the  exact  or  classical  definitions.  Some 
software  packages  internally  formulate  machine  electromagnetic  equations  directly  in  terms 
of  the  classically-defined  standard  parameters  as  summarized  in  Section  4.2.13.  In  such  a 
case,  if  the  user  has  standard  parameters  for  the  machine  which  conform  to  the  exact  defi¬ 
nitions  then  they  should  first  be  converted  to  conform  with  the  classical  definitions. 

Figure  4.1 1  shows  a  parameter  conversion  roadmap.  It  is  important  to  note  that  direct  con¬ 
version  between  the  classical  and  exact  definitions  of  the  standard  parameters  is  unneces¬ 
sary.  Rather,  if  for  example,  conversion  from  exact  to  classical  parameters  is  required  then 
the  ES2CC  transformation  is  applied  to  the  exact  standard  parameters  to  yield  the  coupled- 
circuit  parameters.  These  are  then  converted  to  the  classical  parameters  using  the  CC2CS 
transformation. 


Figure  4.11  Generator  parameter  conversion  roadmap. 

(Note:  The  conversions  CS2CC  and  CC2CS  are  given  in  tables  4.11  and  4.10  respectively. 
The  conversions  ES2CC  and  CC2ES  are  developed  in  [12]  and  software  implementations 

are  provided  in  [24]). 

4.3  Small-signal  models  of  FACTS  Devices 

Equipment  and  plant  which  incorporate  power  electronics  are  referred  to  as  components  in 
Flexible  AC  Transmission  Systems  or  as  FACTS  devices.  The  linearized  equations  will  be  for¬ 
mulated  for  the  small-signal  models  of  five  commonly-used  FACTS  devices,  namely,  the 
Static  VAR  Compensator  (SVC),  the  Static  Synchronous  Compensator  (STATCOM),  a 
High  Voltage  Direct  Current  link  with  Voltage  Source  Converters  (VSCX),  a  HVDC  link 
with  line-commutated  thyristor  controlled  converters  (TCCX),  and  Thyristor-Controlled 
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Series  Capacitors  (TCSC).  The  core  of  many  modern  FACTS  devices  is  the  Voltage  Sourced 
Converter  (VSC)  for  which  the  linearized  equations  are  also  summarized.  The  HVDC  link 
may  comprise  overhead  lines,  or  underground  or  submarine  cables.  Details  of  these  devices 
and  their  operation,  items  which  not  directly  relevant  to  the  following  sections,  are  described 
in  [10,25,  26,27,29,30,31], 

The  following  assumptions  are  made  which  are  consistent  with  the  requirements  for  rotor- 
angle  small-signal  analysis,  (i)  The  FACTS  device  is  not  operating  at  a  limiting  condition  in 
the  steady  state,  (ii)  The  losses  in  power  electronic  converters  are  constant  for  small  pertur¬ 
bations  about  the  steady-state  operating  condition,  (iii)  Only  the  fundamental-frequency 
components  of  the  AC  voltages  and  currents  are  relevant  to  the  analysis,  (iv)  DC  currents 
are  free  of  ripple,  (v)  Depending  on  the  device,  the  DC  voltage  may  contain  some  ripple  - 
the  average  value  of  the  ripple  voltage  is  then  used,  (vi)  When  analysing  any  device,  all  AC 
related  parameters  are  in  per-unit  on  the  specified  base  quantities  of  the  device;  at  the  AC 
interface  between  the  device  and  the  network,  conversions  between  the  device  and  network 
base  quantities  may  be  required,  (vii)  All  DC  related  quantities  are  in  SI  units.  As  a  conse¬ 
quence  of  these  assumptions,  (i)  the  very  fast  switching  processes  at  the  heart  of  power  elec¬ 
tronic  devices  are  approximated  by  algebraic  equations;  and  (ii)  many  of  the  sophisticated 
limiting  controls  which  are  required  under  large-disturbance  conditions  are  omitted  from 
the  linearized  model  of  the  device. 

The  linearized  DAEs  for  the  devices  are  summarized  in  this  section.  However,  to  integrate 
the  DAEs  of  these  device  models  with  those  of  the  AC  network  and  the  control  systems  to 
which  they  are  connected  they  must  first  be  rewritten  in  the  form  described  in  Section  4.4. 
The  details  of  how  such  reformulation  can  be  performed  are  provided  in  [1 2] . 

As  shown  in  Figure  4.12  the  general  form  of  a  linearized  representation  of  a  FACTS  device 
comprises  nf  AC  terminals  that  are  connected  to  AC  network  buses.  For  generality  it  is  as¬ 
sumed  that  the  base  values  of  the  interface  quantities  between  the  network  buses  and  the 
corresponding  device  terminals  differ,  as  will  be  discussed  in  Section  4.3.1.  For  the  kth  ter¬ 
minal  the  perturbations  in  the  real  and  imaginary  components  of  the  network  bus  voltage 

Ay^’  are  applied  to  the  device  terminal  through  the  base  conversion  factor  1  / Ky  ;  the 
current  outputs  A i^j  ^  from  the  device  are  injected  into  the  network,  again  through  a  base 

conversion  factor  of  Kj  .  The  steady-state  operating  condition  about  which  the  model  is 

linearized  is  determined  from  the  power  flow  solution  for  the  buses  to  which  the  device  ter¬ 
minals  are  connected. 
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Figure  4.12  Interface  between  the  network  and  a  general  FACTS  device  with  nt 

AC  terminals. 


Prior  to  considering  a  particular  device,  some  results  generally  applicable  to  the  AC  termi¬ 
nals  of  FACTS  devices  are  first  derived. 

4.3.1  Linearized  equations  of  voltage,  current  and  power  at  the  AC  terminals  of 
FACTS  Devices:  general  results 

As  shown  in  Figure  4.12,  a  general  FACTS  device  has  multiple  points  of  connection  to  the 
AC  network.  In  the  following  the  connection  of  just  one  terminal,  k,  of  the  FACTS  device 
to  its  network  bus  is  considered.  The  results  are  applicable  to  the  connection  of  the  other 
terminals  of  the  device  to  their  respective  network  buses.  As  noted  in  Section  4. 2. 3. 5  the  re¬ 
sults  in  this  section  are  also  applicable  to  calculating  the  quantities  at  the  stator  terminals  of 
generator  models. 


Normally  the  principal  base  quantities  for  the  k^1  terminal  of  the  device  and  the  network  bus 
to  which  the  terminal  is  connected  are  the  RMS  line-to-line  voltage,  the  three-phase  appar¬ 
ent  power  and  the  fundamental  frequency  as  listed  in  Table  4.13.  These  base  quantities  are 
specified  by  the  user  (as  indicated  by  the  subscript  usb').  The  base  value  of  time,  for  both 
the  device  and  network,  th ,  is  chosen  to  be  one-second. 
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Table  4.13  Principal  base  quantities  for  the  kt>l  device  terminal  and  the  network  bus  to 

which  it  is  connected. 


Base  Quantity 

Units 

Description 

Device 

Terminal 

Network 

Bus 

Mk) 
v  usb 

r4»>  k) 
v  usb 

kV  (RMS, 
line-to-line) 

The  base  value  of  the  fundamental-frequency  positive- 
phase  sequence  component  of  the  RMS  line-to-line  volt¬ 
age  of  the  k?*1  terminal  of  the  device.  Normally 
y(d,k)  =  An,k) 
v  usb  v  usb  * 

Mk) 

^ usb 

An,k) 

0 usb 

MVA 

The  base  value  of  the  three-phase  apparent  power  of  the 
kfh  terminal  of  the  device.  Normally,  >44  related  to 

(n,k) 

the  device  rating.  The  value  of  S((  is  normally  the 

apparent  power  base  of  the  power  flow  analysis. 

Ad,k) 

'usb 

k ) 

'usb 

Hz 

The  base  value  of  fundamental  frequency  of  the  ktfl  termi¬ 
nal  of  the  device.  Normally  44  =  4”4  •  ^  assumed 
in,  k) 

that  fu’h  is  the  nominal  operating  frequency  of  the  net¬ 
work. 

The  set  of  base  quantities  for  the  kth  terminal  of  the  device  is  denoted  as  MB ^  and  the  cor¬ 
responding  set  of  base  quantities  for  the  network  bus  to  which  the  kttl  terminal  is  connected 

is  denoted  as  SB^  . 

The  per-unit  values  of  voltage,  real  and  reactive  power  and  current  in  the  base  system  of  the 
of  the  kth  terminal  of  the  device  (denoted  by  the  superscript  (d,kj)  are  related  to  the  corre¬ 
sponding  quantities  in  the  network  base  system  (denoted  by  the  superscript  (n,k,J)  as  follows: 

=  KW^d,k)  m  whKh  K(k)  =  (4.289) 

P(n’ k)  +JQ{n ' =  K{k\p{d’ A)  +jQ{d’ k) )  in  which  Kf  =  ,  (4. 1 90) 

;(»A)  ~(<U)  .  .  (k)  ,Jk)  .  „(k)  ,n1, 

1  =  Kjl  in  which  Kj  =  Ks  /Ky  .  (4.191) 

It  is  assumed  that  the  initial  steady-state  values  V jj”’  k'> ,  0*4  Pq”’  A'  and  Q^’  k "*  at  the  bus  to 
which  the  kth  terminal  of  the  device  is  connected  are  obtained  from  the  power  flow  solution. 
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For  the  purposes  of  analysis  the  voltages  and  currents  are  represented  by  the  real  and  imag¬ 
inary  components  of  their  phasor  quantities  in  the  synchronously  rotating  network  frame  of 
reference.  Thus,  in  per  unit  on  the  base  quantities  of  the  kdl  terminal  of  the  device, 

>  +/»<**>  -  Fli‘Ve“'  -  ^‘'(cosfe'Vjsinte'**)),  (4.192) 

in  which 


TXd,k)  L  (d,k)2  .  (d,k)2  (At)  (d,k)  (, d,k\  ,  ,,  10,, 

^  =  a/(v«  )  +(v)  )  ,  0  =  atan2(v7  ,vR  ) ,  and  (4.193) 


(d,k)  ld,k)  (CXk\  ( d,k )  Id,  k)  .  ,a(k).  ( d,k ) 

i'n  =  K  cos(9  ),  Vr  =  v  sin(0  )  and  = 


<d,k)  ( d,k ) 
^  v/ 


(4.194) 


The  initial  steady-state  value  of  the  voltage  magnitude  is  per-unit  on 

;  the  initial  value  is  then  obtained  by  substitution  of  and 

(k)  (k) 

0  =  0O  in  (4.194).  By  substituting  superscript  d  with  n  in  equations  (4.192)  to  (4.194) 

the  voltage  magnitude  and  RI  components  are  obtained  in  per-unit  of  the  base  voltage  of 
the  network  bus  to  which  the  k!h  terminal  is  connected. 


The  linearized  forms  of  the  voltage  magnitude  AV^d’  ^  and  angle  A0^  of  the  ktt%  terminal 
of  the  device  are  written,  respectively,  as 


AV  =  (Vr/^Avr  +  (v/o/F0)Av/  =  (l/V0)vRIAvRI  (pu),  and 


A6  =  -{VIo/v20)aVr  +  (VRo/v20)aVi  =  ( l/V 2) 


-Vr 


Av 


RI' 


(rad) 


(4.195) 

(4.196) 


in  which  the  superscript  (d,k)  is  omitted  from  the  voltage  quantities. 


The  terminal  current  phasor  is  expressed  in  terms  of  the  terminal  voltage  and  the  real  and 
reactive  power  injected  by  the  device  from  its  kdl  terminal  into  the  network  as  follows.  All 
quantities  are  in  per-unit  on  the  base  quantities  of  either  the  kth  terminal  of  the  device  (d,k) 
or  those  of  the  network  bus  to  which  the  kkh  terminal  is  connected  (n,k). 

I  =  ( tR+jh )  =  (P  +j-?\ 


Ve1® 

kj  ((P cos0  +  (9sin0)  +  y(.Psm0  -  0cos0))  (pu) 
~i)((PvR  +  Qvi>  +j(PvI~  QvR )) 


(4.197) 
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Equating  the  real  and  imaginary  components  of  the  preceding  equation  results  in  the  follow¬ 
ing  matrix  relationship: 


lR 

-fi) 

COS0 

sin0 

p 

=  f-l 

Vr  Vj 

P 

}l 

\vJ 

sin0 

—  COS0 

Q_ 

V 

VI  ~VR_ 

Q_ 

(4.198) 


The  initial  values  of  the  current  components 


;(n,k) 

~RIq 


,  in  the  network  per-unit  system,  are 


found  by  substituting  the  initial  values  0^,  Pq”’^  and  QqU^  obtained  from  the 

power  flow  solution  into  equation  (4.198)  and  then  in  the  per-unit  system  of  the  device  ter- 


i  i  •  .(rf,  k)  .(«,  k)  .  ,.(k) 

minal  by  setting  iRJ  =  iRJ  /KI  . 


The  perturbations  in  the  current  components  about  their  initial  values  are  obtained  by  line¬ 
arizing  equation  (4.198)  and  by  eliminating  perturbations  in  the  voltage  magnitude  using 
(4. 1 95)  to  give: 


A iRI  =  JjsAS  +  JjvAvRI  (pu),  in  which  5 


(4.199) 


/  \ 

_1_ 

Vn  Vr 

^0  yo 

and  /•  = 

o 

> 

o 

<N 

1 

O 

2,R0v/0) 

o 1 

1 

IV 

(Q0  2iI0vR0 ) 

(po-2\\) 

(4.200) 


The  current  magnitude: 

1  =  (4.201) 

is  linearized  about  the  initial  steady-state  operating  point  to  yield: 

A/  =  (»*//0)Ai*  +  (i7o//0)A^  =  (UI0)iTRIAiRI  (pu);  (4.202) 

70  is  obtained  from  (4.201)  by  substitution  of  the  initial  values  of  the  current  components 


The  apparent  power  is  P  +  jQ  =  VI*  ,  where  all  quantities  are  in  per-unit  on  the  bases  of 
either  (i)  the  kth  terminal  of  the  device  (d,k);  or  (ii)  the  network  bus  to  which  the  terminal  is 
connected  (n,k).  From  this  relationship  it  follows  that: 

P  =  VRiR  +  VIiI  (Pu)  and  Q  =  VIiR~VRiI  (Pu)' 

The  perturbations  in  the  real  and  reactive  power  are  thus  given  by: 


(4.203) 
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A  P 

Vn  V  j 

^0  Jo 

A  'r 

+ 

'*0  \ 

Avr 

A  Q_ 

Vt  -Vn 

Jo  Ko_ 

A  ij 

:%  '«o 

A  Vj 

(4.204) 


Consider  the  general  case  of  an  AC  current  flow  I  from  terminal  1  to  terminal  2  through  a 
reactance  X  connected  between  the  terminals,  the  terminal  voltage  phasors  being  Fj  and 

V 2 ;  all  quantities  are  in  pu  on  the  appropriate  bases.  Thus,  Fj  =  V2+  jXI  from  which  the 
components  of  the  terminal  1  voltage  are: 

vli?  =  v2R~^'l’  and  vu  =  v2 I  +  Xir-  (4.205) 

Because  the  equations  (4.205)  are  linear,  the  linearized  equations  are  formed  by  replacing  the 
variables  by  their  perturbed  quantities. 


4.3.2  Model  of  a  Static  VAR  Compensator  (SVC) 

The  purpose  of  the  SVC,  through  its  control  system,  is  to  maintain  the  voltage  of  a  busbar 
constant  by  acting  as  a  source  or  sink  of  reactive  power.  From  small-signal  considerations, 
the  SVC  model  comprising  a  controllable  susceptance  B ,  as  shown  in  Figure  4.13,  is  the 
simplest  to  construct.  Since  a  wide  variety  of  SVC  control  systems  exist  in  practice  the  con¬ 
trol  system  model  is  omitted  from  the  following. 


Figure  4.13  Model  of  a  SVC 
(All  quantities  are  shown  in  per-unit  of  the  SVC  base  values) 


Since  the  SVC  is  a  single-terminal  device  the  terminal  descriptor  k  is  redundant 
fore  omitted  from  the  following  equations.  The  SVC  equations  are  /  =  - 


and  is  there- 


=  0  and  F^)  each  in  per-unit  of  the  SVC  base  quantities.  The  positive 

direction  of  current  and  reactive  power  flow  is  from  the  SVC  and  into  the  network.  The  base 
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value  of  admittance  on  the  SVC  base  quantities  is  7^  =  ( F^,)  and  on  the  network 

Syi')  (.ft')  M  ^  i  i 

bus  base  quantities  is  *b  Susb/ ( Kisb>  .  Thus,  the  SVC  susceptance  in  per-unit  of  the 
network  bus  base  admittance  is  related  to  the  per-unit  value  on  the  SVC  base  admittance  by 
B[n)  =  KYB[d)  in  which  Ky  =  Ks/Ky  and  where  Ky  and  Ks  are  defined  in  (4.189)  and 

(4.190)  respectively.  The  initial  value  of  the  SVC  susceptance  is  =  (0q”V (  F^)  )/ Ky 

where  Q q"1  and  F^"*  are  the  initial  steady-state  values  obtained  from  the  power-flow  solu¬ 
tion. 


The  real  and  imaginary  components  of  the  SVC  current  are  respectively  =  B^vf^  and 

=  —B^d\R^  which  upon  linearization  yield  the  following  perturbations  of  the  SVC  cur¬ 
rent  components: 


A  fd) 
imr 

0 

R(d) 

B0 

> 

,  <1 

+ 

1 

> 

Aif 

n(d) 

so 

0 

T3 

- - /  ^ 

<  . 

^0_ 

A  B 


(d) 


(4.206) 


The  perturbed  output  equations  for  the  voltage  magnitude  and  angle  are  given  by  equations 
(4.195)  and  (4.196)  respectively;  the  current  magnitude  is  given  by  (4.202)  and  the  reactive 
power  by  (4.204). 


The  quantity  (Q/V)  is  the  signed  current  generated  by  the  SVC  and  is  commonly  used  as 
an  input  signal  to  the  SVC  control  system  for  representing  the  current  droop  feedback.  Not¬ 
ing  that  Q/  V  =  BV  it  follows  that  the  perturbed  variable  is: 

A  (Q/V)  =  B0  AV+  V0A  B  =  (B0vRq/V0)Avr  +  (BQv  /Vq)Avj+  VQAB  (4.207) 
in  which  all  quantities  are  in  per-unit  on  the  SVC  base  values. 


The  linearized  equations  of  the  SVC  are  written  in  the  following  matrix  form  in  preparation 
for  interconnection  with  the  transmission  network,  as  described  in  Section  4.4.  Note  that 
the  model  does  not  have  any  state-variables. 


0 

0 


JgZ  jgi  Jgv 
^iz  ^ ii  ^iv 


A  z 


A  i 


,•(«) 


Av 


RI 

00 

RI 


g“ 
^ in 


Au 


(4.208) 


in  which 
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A  z  = 


A  if  \i\d)  Av'rf)  Av(/°  AF1^  A6  A0(</)  A  (Q/V){d)  Al{d) 


~\T 


,  Aii  =  A B{d\  (4.209) 


JMZ  = 


-1 

0 

0 

0 


.(d) 


-1 

0 

0 


.(<0 


,«///>  .-sx’ 


(rf) 


-5w 


4X 


,(«*) 

"'4 

0 

0 


5 


00 


0 

0 

0 

K„ 


0  0  0  0  0 

0  0  0  0  0 

0  0  0  0  0 

0  0  0  0  0 

-10000 


-vSf /(^)2J  |<)/(^))2|  0-1000 


;(*> 

'*0 

0 

0 


0  0-100 


B(d)  0  0-10 


0  000-1 


Jgi  0  > 


00  -1  0  00000 

T 

,  J  = 

Kj  0  0000000 

,  = 

-1  0 

0  0  0  -1  0  0  0  0  0 

’  17. 

0  ^0  0  0  0  0  0  0 

5  ll 

0  -1 

'/v  ® 


4*°  -v^rf)  0  0  0  0  0  ^0 


and  Jiu  =  0 . 


4.3.3  Model  of  a  Voltage  Sourced  Converter  (VSC) 

The  Voltage  Sourced  Converter  (VSC)  is  a  core  component  of  a  number  of  FACTS  devices 
including  the  Static  Synchronous  Compensator  (STATCOM),  VSC  based  HVDC  transmis¬ 
sion  links,  etc.  [25,  26,  27,  28],  A  generic  VSC  model,  as  depicted  in  Figure  4.14,  is  devel¬ 
oped  based  on  concepts  in  [28].  While  this  model  is  suitable  for  small-signal  rotor- angle 
stability  analysis  it  is  not  applicable  when  the  dynamic  behaviour  of  a  fast  acting  Pulse  Width 
Modulation  (PWM)  scheme,  switching  controls,  and  such-like  is  required. 


The  VSC  acts  as  an  AC  voltage  source  where  both  magnitude  and  phase  angle  of  the  source 
are  controllable.  As  shown  in  Figure  4.14  the  VSC  model  has  two  terminals,  cl  and  c2  on 
the  AC  side.  This  allows  the  model  to  be  used  as  a  series  connected  element  as  well  as  a 


shunt  connected  element.  In  the  latter  case  the  voltage 
to  zero. 


M  cl) 


of  terminal  c2  is  constrained 
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A c ) 

*ds 


.  1d 


The  interconnecting  net¬ 
work  between  the  VSC 
AC  terminals  (cl)  and 
(c2)  and  the  phase  refer¬ 
ence  bus  (cr)  is  repre¬ 
sented  in  the  power 


V' 


n,  cr) 


© 


Figure  4.14  Generic  VSC  model. 


The  VSC  base  voltages  and  apparent  power  for  terminals  cl  and  c2  are  assumed  to  be, 


Ad,  cl)  _  Ad,c2 ) 
v  usb  v  usb 


(kv),  s 


(d,  cl) 
usb 


Ad,  c2) 
^ usb 


Ad,  c) 
° usb 


(MVA); 


(4.210) 


the  corresponding  network  bus  base  values  are 


An,  cl) 
v  usb 


and  S 


(n,  cl) 
usb 


for  terminal  cl,  and 


An,  c2)  An,  c2) 
'usb  ’  usb 


for  terminal  c2. 


From  equations  (4.189)  and  (4.190)  on  page  160  the  conversion  factors  between  the  net¬ 
work  and  VSC  base  values  for  the  cl  terminal  voltage  and  apparent  power  are 


Ad,  c)  ,  An,  cl) 
'  usb  '  usb 


and  a4c1) 


Ad,  c)  .  An,  cl) 
° usb  70 usb  ’ 


-  and  similarly  for  terminal  c2: 


Ac2)  _  Ad,c)  .An,c2)  ,  Ac 2) 

KV  'usb  '  'usb  and  KS 


Ad,  c)  ,  An,  c2) 
° usb  7  13 usb 


(4.211) 

(4.212) 


The  voltage  magnitude  and  phase  angle  at  terminals 
page  161  in  terms  of  the  real  and  imaginary  voltage 


(d,c  1)  ,  (d,c2) 

Vri  and  vRI  . 


cl  and  c2  are  found  from  (4.193)  on 
components  of  terminals  cl  and  c2. 


(c) 

The  source  voltage  magnitude  and  phase  are  controlled  by  the  modulation  ratio  m  and 

phase  angle  control  a  both  of  which  are  inputs  to  the  VSC.  The  magnitude  of  the  source 
voltage,  which  is  the  magnitude  of  the  voltage  difference  between  the  two  AC  terminals  (cl) 
and  (c2),  is  related  to  the  modulation  ratio  as  follows: 

Ac)  _  ,  Ac) m(c)  Ac\  ,  i Ac) 

K  ~  Ac  m  Kl  )/Vusb 


(4.213) 
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Xc')  •  •  (^0 

In  the  latter  equation  is  the  DC  voltage  across  the  converter  in  kV  and  kc  is  the  AC 

to  DC  transformation  ratio,  which  for  a  linear  PWM  scheme  is  (V<5)/4  ;  t^le 

internal  AC  base  voltage  of  the  voltage  source  [28], 

(cv') 

The  voltage  angle  at  bus  cr,  9  rad,  is  the  reference  angle  for  the  VSC  phase-angle  control 

(q  \  i  ^ 

signal  input  a  rad.  Thus,  the  phase-angle  of  the  voltage  source  is: 

0(D  =  0(")  +  a(c)  (rad)  (4.214) 


The  internal  voltage  base  is  usually  chosen  to  equal  the  base  voltage  of  the  VSC  ter¬ 
minals,  ^  >  when  the  VSC  is  shunt  connected.  However,  for  a  series  connected  VSC  the 

internal  base  voltage  may  be  selected  in  relation  to  the  series  voltage  rating  of  the  device. 
The  VSC  internal  and  terminal  voltage  bases  are  thus  related  by  the  following, 


HA  _  ,Ad’  A  /  HA 

KC  yusb  7  Vusb  ■ 


(4.215) 


AA  ■ 


The  internal  VSC  apparent  power  base,  Sb  ,  is  defined  to  be  equal  to  the  VSC  terminal  VA 
base,  MVA.  Thus,  the  VSC  internal  base  value  AC  current,  1^  A,  is  defined  as, 

„(d.c)  .  „3  s„(d.c)  .„3\  s.Xd.  cK 

„(c)/4A 


f  c)  i  f  c y 

* usb  X  iU  V  usb 


/A  =  ^C)x1q3 


=  X>ch 


r(d,C) 


where  Ih  ’  (A)  is  the  VSC  base  current  at  its  respective  terminals. 


(A), 


(4.216) 


The  voltage  source  phasor  is: 


if  -  CV6-’  -  ATf 


41 


where  v 


(A 

sRI 


o 

i _ : 

1 _ 

II 

E-h 

vsR  vsl  _ 

s 

cos(0^°)  sin(0*,c)) 


vsJ  pu  on  Vusb, 
1  T 


(4.217) 


C^)\  .  (A  O'!  ON 

~RI  (4.Zio) 


The  initial  steady-state  values  y^jc  **  and  y^c2"*  are  calculated  from  the  power  flow  solu¬ 
tion  as  described  in  Section  4.3.1.  These  values  are  then  substituted  in  (4.218)  to  calculate 
the  initial  values  of  the  voltage  source  components,  y ^  . 


The  voltage  source  magnitude  *  and  phase  0  c  * ,  in  terms  of  the  real  and  imaginary  com¬ 
ponents  of  the  source  voltage  are: 
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^  =  fcV  +  tvV  =  Mri)T&  0iC)  =  atan2(vS},vS),  (4.219) 

which  are  linearized  to  yield  the  following  expressions  for  these  quantities  about  their  initial 
steady-state  values: 


= 


1  ,  (c)  V.  (c)  ,  ,  .  Q(c) 

-£jj  (*,*/„)  a?sri  (Pu)>  a0 


f  \ 

1 


-V(c)  V(c) 
Vsln  VsRn 


A vg,  (rad),  (4.220) 


Sc')  .  .  .  Cc) 

where  K)  is  obtained  by  substituting  in  (4.219) 


It  is  assumed  that  the  initial  steady-state  value  of  the  DC  voltage,  vjfj ,  is  a  specified  quantity. 
Thus  from  (4.213)  it  follows  that  the  initial  value  of  the  modulation  ratio  is, 

«oC)  =  ( •  (4-221) 


The  perturbations  in  the  VSC  source  voltage  magnitude  are  obtained  by  linearizing  equation 
(4.213)  to  give: 


vV[ c)  = 


#r;)+ 


.(c) 
V'"o  ) 


Am(c)  puon^. 


(4.222) 


The  VSC  source  current  components  i 


,(c) 


sRI 


•(c)  .(c) 
tiff  ti/ 


n  T 


,  in  per-unit  on  the  internal  VSC 


value  of  base  current  A,  are  related  to  VSC  terminal  currents  on  the  terminal  base  cur¬ 


rent  c  * ,  by  the  following  relationships, 


•  (c)  _  .(d,cl).„(c)  _  Xd,c2)  .  (c) 
isRI  LRI  /aC  Iff/  /aC  ' 


(4.223) 


Furthermore,  in  accordance  with  (4.191)  on  page  160  the  terminal  cl  and  c2  current  com¬ 
ponents  in  the  respective  network  bus  per-unit  systems  are  related  to  the  corresponding  val¬ 
ues  on  the  VSC  terminal  base  current  as  follows: 


.(«, cl)  Jcl).(rf,d)  •  ,  .  i  tic  1)  „(cl).„(cl)  j 

rRI  =  Kj  iRJ  in  which  K }  =  Ks  /Ky  and 


(4.224) 


i£c2)  =  4c2)iSe2)  in  which  4c2)  =  4c2)/<c2). 


(4.225) 


The  net  real  and  reactive  power,  and  Q  ,  generated  by  the  VSC  are  given  by: 


P^+jQ?  =  Puon4c)  =  s[d;bc)  MVA 


(4.226) 
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which  are  calculated  in  terms  of  the  source  voltage  and  current  components  in  accordance 

(c)  (c ) 

with  equation  (4.203)  on  page  162  and  the  associated  perturbations  in  Ps  and  are  de¬ 
rived  from  (4.204). 

The  often  substantial  switching  losses  in  a  VSC  are  represented  by  a  user  supplied  fixed 
quantity  P^  pu  on  .  Thus,  the  DC  power  output  from  the  VSC  is, 

pf  =  -(P^  +  P^usf  =  ^C)4C)x  !°3  MW>  (4.227) 

where  Id  is  in  A  and,  as  mentioned  earlier,  Vd  is  in  kV. 

The  initial  DC  power  and  current  are  respectively: 

PjJ  =  +  P{sCMtf  MW  and  =  P^/ x  1(T3  A.  (4.228) 

Linearizing  equation  (4.227)  gives  the  perturbation  in  the  DC  power  output  from  the  VSC: 
^  =  -^usf^pf  =  (^/ ^  +  (P^/^W?  MW.  (4.229) 

As  shown  in  Figure  4.14  there  are  two  shunt  elements  across  the  DC  terminals  (i)  a  resist- 
ance  Rp  Q  across  the  terminals,  (ii)  a  capacitance  Cc  F  and  a  resistance  Rc  D  in  series 


across  the  terminals.  In  the  most  general 

case  the  relevant  equations  are: 

capacitor  state  equation: 

p^dc  =  ^/C^xKT3  kV/s, 

(4.230) 

voltage  drop  across  shunt  resistor: 

^  =  kV, 

(4.231) 

voltage  drop  across  RC  element: 

KC)=  rfc+Pc^dl*  10~3  kV, 

(4.232) 

KirchofPs  Current  Law: 

4C)  =  A- 

(4.233) 

Because  (4.230)  to  (4.233)  are  linear  equations  the  variables  can  be  replaced  by  their  per¬ 
turbed  values.  There  are  some  special  cases  for  which  the  above  equations  can  be  modified, 
namely, 

(a)  no  shunt  elements  are  modelled; 

(b)  only  the  resistance  across  the  terminals  is  connected; 

(c)  only  the  resistance  and  series  capacitance  combination  is  present. 

It  is  convenient  to  define  a  variable  l/d  '  representing  the  external  input  to  the  DC  terminal 
of  the  VSC  which  is  normally  defined  as: 


170 


Generators,  FACTS  devices  &  system  models 


^  =  4?  (A)  ^  (kV)  (4.234) 

depending  on  whether  the  source  on  the  DC  side  of  the  VSC  is  represented  as  a  current  or 
voltage  source. 

(o')  (c') 

This  VSC  model  has  two  control  input  signals  denoted  by  u\  and  u\  .  From  a  detailed 
modelling  perspective  these  two  variables  are  typically  (i)  the  VSC  phase-angle  measured 
with  respect  to  the  phase  reference  bus  cr,  a  ,  and  (ii)  the  VSC  voltage  modulation  ratio 
ni<c'>  resulting  in  the  following  constraints: 

=  a(c)  (rad)  and  =  m^L\  (4.235) 

It  is  often  desirable  to  provide  a  simplified  functional  representation  of  the  VSC  control  sys¬ 
tems,  for  example,  (i)  in  scoping  studies  before  the  details  of  the  VSC  control  systems  are 
known,  or  (ii)  in  studies  where  detailed  representation  of  the  VSC  controls  have  an  insignif¬ 
icant  effect  on  the  dynamic  performance  of  the  system.  For  example,  if  the  VSC  is  equipped 
with  a  fast  acting  control  system  whose  objective  is  to  maintain  constant  DC  power  flow 

then  control  input  u  ^ 1  can  be  set  to  **  rather  than  a(  C"* .  By  doing  so  it  is  unnecessary  to 
represent  the  details  of  the  DC  power  control  loop  of  the  VSC. 

4.3. 3.1  Summary  of  linearized  VSC  equations 

Listed  below  is  a  consolidated  list  of  the  linearized  DAEs  of  the  VSC. 

DC  side  equations 

Note  that  the  DC  side  equations  can  be  modified  depending  on  the  representation  of  the 

(c)  (^0 

DC  shunt  network.  In  all  such  alternative  representations  the  variables  A  Pd  ,  A  Vd  ,  A I c) 
and  A//;  are  retained. 


P^dc  =  (J  3  A4}  (kV/s)  from  (4.230),  (4.236) 

(c;cMo) 

0  =  A ^  +  S^s’£ ^A P^s  *  (MW),  power  conservation  from  (4.229),  (4.237) 

0  =  C P% y  ~  A  pf  (MW)  from  (4.229),  (4.238) 

0  =  A^-A^  +  ji?^  x  10“3Ja//c}  (kV)  from  (4.232),  (4.239) 

0  =  -  A  kj0  +  J  R {pc)  x  1(T3  U/g  (kV)  from  (4.231),  (4.240) 
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0  =  -  Alf  +  AT*?  +  A/^  +  A/g  (A)  from  (4.233). 

VSC  AC  side  converter  equations 

n  *  (c)  ,  rfi c) ,  (rf,  cl)  „(c).  (4  c2) 

0  =  -  AvsRI  +  Kc  Avri  ~Kc  Avr/  (pu)  from  (4.218), 

0  =  (^V<))AvS  +  (vSo)/^))Av^-A^c)  (pu)  from  (4.220), 

0  =  -  (v£V(  F^)2)  Avg  +  (vg /(  V^f)  Av<?  -  A6^c)  (rad)  from  (4.220), 

from  (4.196), 


v(c)  v(c) 
.si?0  i/0 

V(e)  -V(c) 
sl0  sRq 


A  i 


.•(C) 


A/ 


..(c) 


.s/ 


**0  sJo 
lsl0  isRo 


Av 


Av 


2 

2 


AP 


■(c) 


as; 


■  (c) 


(pu) 


from  (4.204)  on  page  163, 

0  =  A6^c)  -  A0(cr)  -  Aa(c)  (rad)  from  (4.214), 


0  = 


+ 

o 

A, 

< 

i 

A, 

< 

rF(c)l 

*0 

s0 

jAc)t 

Vd0J 

a  s 

(c) 

l m0  ) 

A rn~c^  (pu)  from  (4.222). 
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(4.241) 

(4.242) 

(4.243) 

(4.244) 

(4.245) 

(4.246) 

(4.247) 

(4.248) 


VSC  terminal  1  /  network  bus  interface 

0  =  -  A i^j  +  ( 1  /K^)Airi  C 1 )  (pu)  from  (4.223), 
0  =  k\c 1  )m}r’i  c  1 }  -  A  i(R)  c  1 }  (pu)  from  (4.224), 


o  =  K(y])Av(R;c]) 


-Av 


(n,  cl) 
RI 


(pu)  from  (4.189)  pg.  160. 


(4.249) 

(4.250) 

(4.251) 


VSC  terminal  2  /  network  bus  interface 

Note  that  if  the  VSC  is  shunt  connected  equations  (4.252)  to  (4.254)  are  omitted  from  the 
model  as  are  variables  A lR}C~^  and  AyRjC2\  including  the  coefficients  of  Ay^”’ C_')  in 
(4.242). 


0  =  Ai}^+  (1/ K{p)AiRIc2)  (pu)  from  (4.223), 

n  =  r(c2).  (rf,c2)  («,c2) 

0  Ki  A Iri  A  iri 


(4.252) 


(pu)  from  (4.225), 


(4.253) 
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0  =  K{y2) AvjJ  c2)  -  Ay£  c2)  (pu)  from  (4.1 89)  pg.  160.  (4.254) 

Input  to  /  Output  from  the  DC  side  of  the  VSC 

0  =  -AtJJ  +  AE/J0  (A)  and  0=-AfJ°  +  A ydc)  (kV)  from  (4.234),  (4.255) 

or  conversely,  0=*-AfJ°  +  A l/p  (kV)  and  0  »  -  AT^  +  Aj/J°  (A).  (4.256) 

VSC  control  inputs 

As  mentioned  earlier,  in  a  flexible  VSC  model,  it  is  desirable  for  the  control  inputs  A u\ 

and  A«2  to  be  constrained  to  two  independent  variables  depending  on  the  user’s  require¬ 
ments.  For  detailed  VSC  modelling  the  inputs  are  set  to  the  VSC  phase  angle  and  voltage 
modulation  respectively: 

0  =  -Aa(c)  +  AwjC>  (rad)  from  (4.235),  (4.257) 

0  =  -  A m(c)  +  Au[c)  from  (4.235),  (4.258) 

Examples  of  useful  alternative  constraints  on  the  first  control  input  are: 

0  =  -AfJ^  +  Aw [c\  or  0  =  -  AP(dc)  +  Au\c) ,  or  0  =  -  Ay\c)  +  Au\c)  (4.259) 

in  which  Ay)  is  a  remote  AC  power  system  signal  such  as  the  power  flow  in  a  transmission 
element.  Similarly,  examples  of  alternative  constraints  on  the  second  control  input  are: 

0  =  -  AQ(sc)  +  Au(2c)  ,  or  0  =  -  Ay^  +  Au^  (4.260) 

(o') 

in  which  Ay 2  is  a  remote  AC  power  system  signal  such  as  the  reactive  power  flow  in  a 
transmission  element  or  the  voltage  magnitude  of  remote  bus. 


The  linearized  VSC  equations  (4.236)  to  (4.260)  can  be  assembled  into  a  compact  matrix 
form  which  is  suitable  for  integration  with  the  linearized  DAEs  of  the  power  system  as  out¬ 
lined  in  Section  4.4  and  elaborated  on  in  [12], 

4.3.4  Simplified  STATCOM  model 

The  purpose  of  the  STATCOM  is  similar  to  that  of  the  SVC,  that  is,  to  control  voltage  by 
absorbing  or  generating  reactive  power.  The  STATCOM  model  in  this  section  is  based  on 
a  simplified  version  of  the  VSC  model  described  in  Section  4.3.3.  The  AC  terminal  ( c2 )  of 
the  VSC  in  Figure  4.14  on  page  166  is  connected  to  the  zero  voltage  reference  plane  and  the 
AC  terminal  (cl)  is  renamed  to  (c).  That  is,  the  VSC  at  the  heart  of  the  STATCOM  is  shunt 
connected.  The  basic  concepts  on  which  this  model  are  based  are  found  in  [25,  26]  ,  for  ex¬ 
ample.  The  simplified  VSC  model,  which  is  depicted  in  Figure  4.15,  makes  the  following  ide¬ 
alizing  assumptions. 
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•  The  VSC  phase  control  system  is  sufficiendy  fast  and  accurate  that  the  generated  AC 
current  phasor  is  assumed  to  always  be  in  quadrature  with  the  voltage  phasor  at  the 
phase  reference  bus  as  depicted  in  Figure  4.15(b).  This  has  the  consequence  that  the 

VSC  input  U\  =  a^c)  =  0  (see  Section  4.3.3,  page  170). 

(o') 

•  The  VSC  fixed  losses,  P  [  ,  are  negligible. 

•  The  VSC  DC  capacitor  is  sufficiendy  large  that  the  DC  voltage  is  assumed  to  be  con¬ 
stant  during  small-disturbances.  Thus  the  VSC  capacitor  is  depicted  as  a  fixed  DC 
source  in  Figure  4.15(a). 

•  A  lossless  reactor  is  connected  between  the  converter  AC  terminal  (c)  and  the  phase 
reference  bus  as  shown  in  Figure  4.15(a).  This  reactor  is  included  in  the  model  and 
therefore  the  VSC  phase  reference  bus  is  AC  terminal  (s)  in  the  simplified  VSC  model 
of  the  STATCOM. 


(a)  Below,  power-circuit  schematic 
showing  VSC  with  constant  DC  voltage 
and  reactor  between  the  converter  (c) 
and  phase-reference  (s)  terminals. 


(c)  Right,  equivalent  control-system 
block-diagram  representation  of  the  VSC 
for  the  simplified  STATCOM  model. 


I{d’s)  if  f(c)<  V(d’s) 


¥  R 

if  vic)>Vi‘‘'s> 


(b)  Above,  quadrature  relation¬ 
ship  between  the  VSC  terminal 
voltage  and  current  phasors. 


j/c) 


y(d,s) 

abs 

i  /d’s) 

+ 


■(_)— ►  1/Vrf) 


Figure  4.15  Simplified  VSC  model  for  a  STATCOM:  (a)  power-circuit  schematic,  (b)  re¬ 
lationship  between  terminal  voltage  and  current  phasors,  (c)  equivalent  control-system 

block-diagram  of  the  VSC. 


Based  on  the  above  assumptions  the  equivalent  control-system  block-diagram  representa¬ 
tion  of  the  simplified  VSC  model  for  the  STATCOM  shown  in  Figure  4.15(c)  is  now  for¬ 
mulated. 
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In  accordance  with  Table  4.13  on  page  160  the  base  values  of  voltage  and  apparent  power 
for  the  AC  terminal  of  the  VSC  are  specified  respectively  as 

(kV)  and  S^sb *  (MV A).  The  corresponding  quantities  for  the  network  bus  to 
which  the  STATCOM  VSC  terminal  (s)  is  connected  are  (kV)  and  (MV A). 


The  voltage  phasor  at  the  phase  reference  terminal  (s)  is,. 

Ms)  id,  s)  /0U)  ■  •  Ms) 

V  =  K  e  in  per-umt  on  vusb  ,  (4.261) 

and  is  regarded  as  an  input  to  the  VSC  model  derived  from  the  voltage  at  the  network  bus 
to  which  the  terminal  is  connected. 


The  voltage  phasor  at  the  converter  terminal  (c)  is: 

Me)  tic)  <C)  7e‘C)  Ac)  /( e(s,  +  a(c))  Jc)  /'0(s)  .  .  Ms) 

V  =  ys  =  V]  e  =  V]  e  =  Ts  e  in  per-unit  on  V]^b  .  (4.262) 

The  equality  of  the  phases  of  the  voltages  at  the  (s)  and  (c)  terminals  is  derived  from  equa¬ 
tion  (4.214)  on  page  167  with  the  assumption,  stated  earlier,  that  the  VSC  phase-angle  con¬ 
i'  (c)  . 

trol  input,  a  ,  is  zero. 


Since  it  is  assumed  that  the  DC  voltage  is  constant  it  follows  from  (4.213)  on  page  166  that 
the  magnitude  of  the  voltage  at  VSC  AC  terminal  (c)  is  equal  to  the  VSC  modulation  ratio 
multiplied  by  a  constant  gain  factor,  i.e. 

kf)  =  jtd,e)  =  p  {c)m{c)  where  the  constant  p(e)  =  *£c)(  kJV .  (4.263) 


Thus,  for  modelling  purposes,  it  is  permissible  and  convenient  to  eliminate  the  modulation 
ratio  and  instead  treat  the  VSC  AC  terminal  voltage  as  the  second  control  input  signal  to  the 

VSC,  i.e.  u2  =  kjc) . 


4e(s,-f 


The  current  output  from  the  simplified  VSC  model  is, 

I(d’s)  =  (_y(^)-F(*Ve<,)  =  l(d’S)e  ~  i  (4-264) 

,/A 

where  the  magnitude  of  the  injected  current,  which  is  in  quadrature  with  the  voltage,  is 

j(d,  s)  _  ^  y(c) _  y(d,  s)^ / J^(d) 


in  per-unit  on  the  VSC  current  base  of  Ib 


(d,  s) 


M  s) 

usb  X  103  (A). 


Rt  Ad,s) 


(4.265) 
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Thus,  equations  (4.264)  and  (4.265)  which  represent  the  current  injected  by  the  simplified 
VSC  model  into  the  network,  are  equivalent  to  the  control-system  block-diagram  in 
Figure  4.15(c). 

A  voltage  control  system  can  then  be  combined  with  the  above  simplified  VSC  model  in 
order  to  regulate  the  voltage  at  the  STATCOM  terminal,  (s).  This  results  in  a  simplified 
model  of  a  STATCOM  such  as  that  depicted  in  Figure  4.16.  In  this  model  the  STATCOM 

current  droop  feedback  is  explicitly  represented  by  V(jr  =  .  In  common  with  the 

SVC,  the  STATCOM  voltage  control  system  usually  incorporates  current  droop  designed  to 
reduce  the  voltage  at  the  regulated  bus  in  proportion  to  the  current  injected  by  the  STAT¬ 
COM  into  the  network.  Typically,  the  droop  setting,  Kd,  is  between  0.01  and  0.05  per-unit 

on  the  STATCOM  base  quantities.  It  is  also  possible  to  add  a  supplementary  control  signal 
to  the  AVR  summing  junction  from,  say,  a  Power  Oscillation  Damper  (POD). 


Figure  4.16  Simplified  STATCOM  model  formed  by  combining  the  simplified  VSC  mod¬ 
el  in  Figure  4.15(c)  with  a  voltage  control  system. 

The  small-signal  representation  of  the  simplified  VSC  model  is  now  derived.  As  described 
in  Section  4.3.1  the  initial  steady-state  values  of  the  voltage  and  current  com¬ 

ponents  in  the  VSC  per-unit  system  are  obtained  from  that  the  initial  steady-state  values  of 
( yi  fiS1')  (n  iS1")  (ti  s') 

Vq  "  ,9  ,  Pq  and  Q0  '  ‘  obtained  from  the  power  flow  solution.  It  is  noted  that  in 

the  power  flow  the  STATCOM  is  assumed  to  be  represented  as  a  PV  bus  in  which,  for 
consistency  with  the  assumption  that  the  STATCOM  current  is  in  quadrature  with  its  ter¬ 
minal  voltage,  Pq”’  ' (  =  0  . 


1.  In  power  flow  terminology  the  term  “PV  bus”  denotes  a  bus  at  which  the  generated 
power  and  voltage  magnitude  are  specified;  the  generated  reactive  power  and  voltage 
angle  are  the  unknowns  to  be  determined  by  the  power  flow  solver. 
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With  appropriate  changes  in  notation  equation  (4.193)  on  page  161  is  used  to  derive  the 
STATCOM  voltage  magnitude  V^d’  ^  from  the  voltage  components  ^  as 


which  is  linearized  about  the  operating  point,  in  accordance  with  (4.195)  on  page  161,  to 
yield: 


A  pW  *>  =  \  vf  '>/  '>  AvW  ')  +  v«  '>/  *>  Ay«  . 


(4.266) 


From  (4.196)  on  page  161,  with  appropriate  changes  in  notation,  the  perturbation  in  the 
STATCOM  terminal  voltage  phase  angle  is: 


(  ( d,s )  A 


A0W  =  - 


.  (d,  s) 
Avr  + 


(  ( d ,  s)  ^ 

V  n 


v(^^2 


Av 


Ms) 


(4.267) 


The  perturbation  in  the  STATCOM  current  magnitude  is  obtained  by  linearizing  equation 
(4.265)  to  yield, 


A  I{d,s)  =  (Af^-Al^V^- 

From  equation  (4.264)  the  STATCOM  current  phasor  can  be  rewritten  as, 


74s)  ,(d,s)  (d,s)  ,(d,s)  I  („(s)  71)  .  •  fQ(s)  Tt 

1  =  h>  +H,  =1  {  cos^e  -  -J  +y  sm(6  -- 


lR  +J‘l 
from  which  it  follows  that 


ifS)  =  7Ws) sin0W  and  ifS)  =  -I(d's) cos0W. 


(4.268) 


(4.269) 


(4.270) 


The  perturbations  in  the  current  components  output  from  the  STATCOM  terminal  are  de¬ 
rived  by  linearizing  the  preceding  equations  at  the  operating  point  to  yield, 

M{d,s)  =  smO^A/^’ s)  -  if’  ■s)A0(s)  and  Ai{/’s)  =  -  cosO^a/"^  +  i(d,s)AQ(s) .  (4.271) 


From  (4.204)  on  page  163,  with  appropriate  changes  in  notation,  it  follows  that  the  pertur¬ 
bation  in  the  reactive  power  output  from  the  STATCOM  is: 


A  Q 
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(4.272) 


In  accordance  with  equations  (4.189)  and  (4.190)  on  page  160  the  perturbations  in  the 
STATCOM  terminal  voltage  and  current  components,  in  per-unit  on  the  base  values  of  the 
network  bus  to  which  the  STATCOM  is  connected,  are  respectively, 

Av(Rn;S>  =  K^Avf^  and  a/";s)  =  K^Aif^ . 


(4.273) 
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As  for  the  SVC  model,  the  linearized  equations  (4.266)  to  (4.268)  and  (4.271)  to  (4.273)  for 
the  simplified  STATCOM  model  can  be  rewritten  in  the  following  matrix  form  suitable  for 
interconnection  with  the  transmission  network  model.  Note  that  the  model  does  not  have 
any  state-variables.  The  linearized  equations  are  of  the  form: 


0 
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JgZ  jgi  Jgv 
J iz  J ii  V 


A  z 


A  i 
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(4.274) 


A  z  = 


-  y 

A iid’s)  Ai?’s)  Av{d’s)  Av[d’s)  AV^d’s)  AQ(S)  A^s)  A Q(d’s)  and  Am  =  Akf} . 


Note  that  these  equations  do  not  include  the  model  of  the  STATCOM  voltage  regulator  or 
any  supplementary  control  system  —  they  represent  only  the  simplified  VSC  component  of 
the  STATCOM. 


4.3.5  Modelling  of  HVDC  Transmission  Systems 

Two  models  of  HVDC  transmission  systems  are  considered  with  the  general  structure  in 
Figure  4.17.  The  first  is  based  on  Voltage  Sourced  Converters  (VSCXs)  and  the  second  on 
line-commutated  Thyristor  Controlled  Converters  (TCCXs).  The  HVDC  transmission  sys¬ 
tem  may  comprise  overhead  lines  or  cables;  the  system  can  be  either  mono-polar  or  bipolar. 
For  both  the  rectifier  and  inverter  it  assumed  that  the  number  of  bridges  in  series,  NB,  is  the 
same  as  the  number  of  converter  transformers  operating  in  parallel  on  the  AC  side. 


A’)  AL)  AL)  Ji) 

1ds  1dR  1 dl  *ds 


Figure  4.17  Structure  of  HVDC  system  model  showing  the  interface  between  the  DC  side 
components.  The  directions  of  positive  voltage  and  current-flow  at  the  external  interfaces 
of  the  components  are  indicated  by  the  arrows. 

Because  the  models  of  both  VSCX  and  TCCX  systems  employ  the  same  model  of  the 
HVDC  link,  the  model  of  the  link  is  analysed  first.  Models  of  the  VSCX  and  TCCX  systems 
are  then  considered  in  turn. 

The  HVDC  models  described  in  the  following  sections  assume  that  the  following  informa¬ 
tion  is  provided  by  the  power  flow  solution:  the  steady-state  voltages,  the  real  and  reactive 
power  flows  at  the  AC  terminals  of  the  rectifier  and  inverter,  and  the  initial  steady-state  val¬ 
ues  of  the  DC  voltages  of  each  converter.  All  plant  on  the  AC  side  of  the  converter  termi¬ 
nals,  e.g.  three-winding  transformers,  reactors,  is  assumed  to  be  modelled  in  the  power  flow 
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analysis.  The  nature  of  the  interface  between  the  AC  terminals  of  the  rectifier  and  inverter 
and  the  buses  to  which  they  are  connected  in  the  AC  system  is  shown  in  Figure  4.12. 

4.3.6  Model  of  a  distributed-parameter  HVDC  transmission  line  or  cable 

In  the  small-signal  model  of  a  long,  HVDC  transmission  line  or  cable  it  is  not  possible  to 
represent  the  strictly  distributed-parameter  nature  of  the  circuit.  Let  us  assume  that  the  dy¬ 
namics  of  the  line  is  adequately  represented  by  NT  T-sections,  of  which  the  section  is 
shown  in  Figure  4.18.  Clearly,  the  greater  the  number  of  sections  the  closer  to  a  distributed- 
parameter  system  the  model  becomes.  Let: 

R-1  -  total  link  resistance  in  (ohm), 

Ll  -  total  link  inductance  in  (Henry), 

Ci  -  total  link  capacitance  (Farad), 

Rcl  ~  total  cable  sheath  resistance  (ohm). 

The  parameters  of  each  T-section  in  SI  units  are  therefore: 

L=Ll/(2Nt),  R  =  Rl/(2Nt),  C=Cl/Nt,  Rc  =  Rcl/Nt. 


!Uk-l)  L  R  R  L  IL(k) 


Figure  4.18  The  kth  T-section  of  a  long,  HVDC  transmission  line  or  cable. 

The  circuit  diagram  of  the  HVDC  line  /  cable  depicted  in  Figure  4.19  comprises  the  series 
connection  of  NT  of  the  above  T-sections.  Note  that: 

1.  The  series  resistance  Rr  (ohm)  and  inductance  Lf.  (H)  connected  to  the  rectifier  end 

of  the  link  (R)  includes  the  resistance  r\]  (ohm)  and  inductance  l}'  *  (H)  of  the 
series  smoothing  reactor,  if  any,  connected  to  the  rectifier,  i.e. 

Rr  =  R+R\r)  and  Lr  =  L  +  zjr) .  (4.275) 

2.  Similarly,  the  series  RL  branch  connected  to  the  inverter  node  (I)  includes  the  series 
smoothing  reactor,  if  any,  connected  to  the  inverter,  i.e. 

Rt  =  R  +  R(‘}  and  L^L+L^. 


(4.276) 
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3.  The  parameters  of  the  internal  series  RL  elements  are  2 R  and  2 L  because  the  right 
arm  of  the  ktfl  T-section  is  connected  in  series  with  the  left  arm  of  the  ( k+1 )tfl  T-sec- 
tion. 


(r)  Lr  R,.(7)2R  2l(7)  @2 L  2rQ)2R  2 10)  2 L  2 R@Rt  Z,.  (7) 


Figure  4.19  Circuit  diagram  of  a  HVDC  link  model  comprising  the  series 
connection  of  Nj  of  the  T-sections  in  Figure  4.18  and  the  rectifier  and  inverter  smoothing 

reactors. 

The  rectifier- and  inverter-end  voltages,  and  ,  are  treated  as  model  inputs.  The  rec¬ 
tifier-  and  inverter-end  currents,  =  -IL^ 0)  and  =  IL(Nt+  jj,  are  outputs  from  the 

link  model  which  are  to  be  input  to  the  devices  connected  to  the  respective  DC  terminals. 
The  state-equations  for  the  inductor  currents  are  written  first,  followed  by  the  state-equa¬ 
tions  for  the  capacitor  voltages  and  finally  the  algebraic  nodal  voltage  and  current  equations. 

All  currents  are  in  Amperes  (A)  and  all  voltages  are  in  Volts  (V)  -  except  and  V ^ 
which  are  in  kV. 


Inductor  current  state-equations 

Phi 0)  =  -  (Rr/LryL(0)  +  (VdR  X  1()3  “  F’m(l))/Z'r>  (4-277) 

Phik-  1)  =  -  (R/L  )IL(k~  1)  +  (Vm(/c-  1)  -  ^m(t))/(2^')  ’  *  =  2,  ...,  Nt,  (4.278) 

Ph(NT)  =  ~  (R/Li  Vl(Nt)  +  (  Vm(NT)  ~  V*  *  10  ■  (4.279) 


Capacitor  voltage  state-equations 

PVC(k)  =  IC(k/C’  k  =  \, 

Nodal  voltage  and  current  equations 


0  = 

VC(k)  Vm{k)  +  RCJC{k)’ 

II 

0  = 

~IL(k-\)  +  IL{k)  +  IC(k)’ 

II 

(4.280) 


(4.281) 

(4.282) 
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Note  that  the  equations  (4.277)  to  (4.282)  are  linear.  Each  variable  can  therefore  be  replaced 
by  its  perturbed  value  at  the  steady-state  value,  e.g.  the  variable  VVR  is  replaced  by  A  VVR  at 

the  steady-state  value  .  Given  the  initial  steady-state  values  of  the  rectifier-  and  inverter- 

end  voltages,  the  initial  values  of  the  other  variables  are  obtained  by  solving  the  aforemen¬ 
tioned  set  of  linear  equations  with  the  rates  of  change  in  the  inductor  currents  and  capacitor 
voltages  set  to  zero.  The  initial  values  of  the  rectifier  and  inverter  end  currents  are  given  by: 

hi,  =  ~hR0  =  (  VdR0  ~  W/RL  X  103  A'  (4'283) 

Simplified  modelling  of  the  HVDC  transmission  line  /  cable  is  appropriate  when  the  link  is 
short  or  when  detailed  modelling  such  as  that  described  above  is  otherwise  unnecessary  or 
infeasible.  For  example,  the  link  may  be  represented  as  a  series  RL  branch  incorporating  the 
rectifier  and  inverter  smoothing  reactors,  or  simply  as  a  series  resistance. 

4.3.7  Model  of  HVDC  transmission  with  Voltage  Sourced  Converters  (VSCX) 

In  the  model  of  a  VSCX  the  rectifier  (r)  in  Figure  4.17  is  represented  by  a  shunt  connected 
VSC  model  as  described  in  Section  4.3.3.  The  linearized  equations  for  the  rectifier  are  listed 
in  Section  4.3.3. 1  in  which  the  superscript  (c)  is  replaced  by  (r).  The  linearized  model  of  the 
inverter  is  similarly  represented  -  but  with  (c)  replaced  by  (i).  For  both  converters  the  DC 
input  and  output  are  the  perturbations  in  the  DC  current  and  voltage  respectively,  i.e.  equa¬ 
tion  (4.255)  on  page  172  applies  to  both  converters.  Since  the  converters  are  shunt  connect¬ 
ed  the  equations  and  variables  associated  with  the  second  terminal,  (r2)  and  (12),  of  the 
respective  converters  are  omitted  from  the  model  equations  as  described  in  Section  4.3.3. 
The  HVDC  link  is  represented  by  the  equations  (4.277)  to  (4.282).  The  interconnections  be¬ 
tween  the  linearized  equations  for  the  converters  and  HVDC  link  are  represented  by  the  fol¬ 
lowing  linear  constraint  equations: 

0  =  4)  +  /2  (AX  0  =  $  +  4?  (AX  0  =  V%>  (kV),  0  =  ftf-  (kV)  (4.284) 

Typically,  one  of  the  converters  is  used  to  control  the  power  transferred  by  the  link  and  the 
other  converter  is  used  to  control  its  DC  voltage.  Each  converter  is  normally  used  to  control 
either  its  reactive  power  output  or  the  AC  voltage  of  an  adjacent  bus.  The  control  systems 
are  specific  to  the  application  and  are  omitted  from  the  VSCX  model. 

The  linearized  model  equations  of  the  VSCX  system  can  be  written  in  the  following  form 
which  is  suitable  for  integration  with  the  linearized  DAEs  of  the  power  system  as  described 
in  Section  4.4.  The  superscript  (T)  denotes  that  the  quantity  is  associated  with  the  integrated 
VSCX  system. 
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(T)  .  ( T)  .  (T) 

The  state  (Ax  ),  algebraic  (Az  )  and  control-input,  (A uc  )  variables  in  the  preceding 

equation  combine  the  corresponding  variables  from  the  HVDC  link  model  and  the  rectifier 

and  inverter  models.  The  current  components  injected  by  the  VSCX  into  the  AC  buses  -  to 

which  the  rectifier  and  inverter  AC  terminals  are  connected  -  are  A  ^  and  the  associated 


bus  voltages  are  Ay^’  ^  .  The  latter  current  and  voltage  quantities  are  in  per  unit  on  the  base 
values  of  the  buses  to  which  the  converter  terminals  are  connected. 


4.3.8  Model  of  HVDC  transmission  with  Voltage  Commutated  Converters 

A  small-signal  model  of  a  HVDC  transmission  system  with  voltage-commutated  thyristor- 
controlled  converters  is  now  presented.  The  resulting  TCCX  model  has  the  structure  shown 
in  Figure  4.17.  A  general  purpose  converter  model,  depicted  in  Figure  4.20,  is  formulated 
on  the  basis  of  [10,  25,  29,  30,  31,  32,  33];  it  is  then  used  in  a  modular  fashion  to  represent 
the  converter  at  one  end  of  the  link  operating  in  rectifier  mode  and  at  the  other  end  as  an 
inverter.  The  distributed  parameter  model  of  the  HVDC  link  in  Section  4.3.5  is  used  to  con¬ 
nect  the  rectifier  and  inverter. 


Figure  4.20  Voltage-commutated  thyristor-controlled  converter.  The  artificial  network 
for  calculating  the  converter  commutation  voltage  is  also  shown. 


In  the  following  the  converter  identifier  indicated  by  the  superscript  (k)  is  substituted  either 
with  (r)  for  the  rectifier  or  (i)  for  the  inverter.  The  AC  terminal  quantities  are  defined  in  per- 
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unit  on  the  device  base  values  as  specified  in  Table  4.13  on  page  160.  The  DC  side  quantities 


are  in  SI  units  as  specified  below. 

As  mentioned  in  Section  4.3.5,  the  converter  is  assumed  to  comprise  identical  bridges 
connected  in  series  on  the  DC  side  and  in  parallel  on  the  AC  side. 

4.3.8. 1  Internal  DC  voltage  and  current  variables 

For  the  purpose  of  developing  the  voltage-commutated  thyristor-controlled  converter  mod¬ 
el,  internal  values  of  the  DC  current,  (A),  and  DC  voltage,  (kV),  are  employed.  In 

Section  4.3. 8.9  the  relationships  are  established  between  these  internal  DC  quantities  and 
their  corresponding  external  interface  values  shown  in  the  general  HVDC  link  model  of 
Figure  4.17. 

It  is  important  to  note  that  the  DC  current  must  flow  in  the  direction  of  the  thyristor  valves 

Ik)  (k) 

and  by  definition  this  is  the  positive  direction  of  rd  .  Consequently  Idx  is  positive  whether 
the  converter  is  operating  as  a  rectifier  or  as  an  inverter.  The  direction  of  positive  DC  volt¬ 
age  is  defined  to  be  in  the  positive  direction  of  /JJ  .  Thus,  as  will  be  seen  in  the  follow¬ 
ing,  is  positive  if  the  converter  is  operating  as  a  rectifier  and  is  negative  when  operating 

as  an  inverter. 

4. 3. 8. 2  Relationship  between  the  AC  and  DC  quantities  of  the  converter 

In  the  analysis  of  voltage-commutated  converters  it  is  assumed  that  an  ideal,  sinusoidal, 
three-phase  source  is  connected  to  the  converter  through  a  reactance,  which  is  referred  to 

as  the  commutating  reactance,  ^  per  bridge.  The  AC  voltage  source  is  referred  to  as  the 

commutating  voltage.  Assuming  a  thyristor  firing-angle  delay,  a  (rad),  and  an  overlap  an- 
(k) 

gle,  |i  (rad),  due  to  the  commutating  reactance,  it  is  shown  in  the  analysis  of  [29]  that  the 
average  DC  voltage  at  the  converter  is. 


(4.286) 


(kV),  and  (4.287) 
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(ohm). 


(4.288) 


(fc) 

The  so-called  “commutation  resistance”,  Rc  ,  is  an  artefact  that  accounts  for  the  DC  volt¬ 
age  drop  due  to  commutation  overlap;  it  does  not  generate  power  losses. 


By  substituting  for  V^j  from  (4.287)  into  equation  (4.286)  the  DC  voltage  is  obtained  in 

terms  of  the  commutating  voltage  magnitude,  the  DC  current,  firing-angle  delay  and  com¬ 
mutation  resistance  as  follows: 

4?  =  Vc’ *WaW)  -  (R(c  x  10'VS  (kV).  (4.289) 

In  using  this  converter  model  the  value  of  the  commutation  reactance  must  be  selected,  ide¬ 
ally  it  is  the  Thevenin  impedance  looking  into  the  AC  system  from  the  converter  AC  termi¬ 
nals.  The  use  of  the  commutation  bus  is  therefore  an  artefact  for  the  calculation  the  DC 

voltage,  .  Importantly  (i)  the  transformers  and  associated  components  connected  to  the 

AC  terminals  of  the  converter  are  represented  in  the  AC  network  model;  (ii)  the  commuta¬ 
tion  reactance  and  commutation  bus  are  not  included  in  the  AC  network  model. 


The  converter  switching  losses  are  assumed  to  be  fixed  and  are  represented  by  a  user  sup¬ 
plied  quantity  P^f  ^  pu  on  •‘>44  ■  Thus,  due  to  the  conservation  of  energy,  the  DC  power 
output  from  the  converter  is  related  to  the  AC  power  output  P^’  ^  by: 


p (k)  =  p(d,  k)  p(d,  k).  (d,  k) 
rd  rsl  D usb 


WxlO3  MW. 


(4.290) 


As  mentioned  earlier,  it  is  assumed  that  the  initial  steady-state  values  of  the  following  quan¬ 
tities  are  obtained  from  the  power  flow  solution:  (i)  the  real  and  reactive  power  output  from 

(ti  k')  ( Yi  k) 

the  converter  AC  terminal,  PQ  '  and  Q0  ’  respectively;  (ii)  the  voltage  magnitude  and 
angle  at  the  AC  terminal,  V^’  ^  and  9q”’  ^  respectively;  and  (iii)  the  DC  voltage  .  The 

initial  steady-state  values  P\lf’  ^ ^ ,  v^j  k *  and  i^j  ^  ,  are  calculated  from  the  power 

flow  solution  as  described  in  Section  4.3.1.  The  initial  steady-state  values  of  the  DC  power 
and  current  are  then  obtained  from  (4.290)  as  follows: 


p(k)  _  /  n' 

^dr. 


(d,k)^D(d,k\c(d,k) 


0 


+  P 


si 


)S 


usb 


(MW)  amiA*>  =p£Vf£>x103  (A).  (4.291) 


The  perturbation  in  the  DC  power  output  of  the  converter  is  now  obtained  by  linearizing 
equation  (4.290)  about  the  above  operating  point  values. 
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=  -&APid'k)  =  +  103)Af£>. 


(4.292) 


4. 3. 8. 3  Perturbations  in  commutation  voltage  in  terms  of  converter  terminal  quantities 
From  Figure  4.20  the  commutating  voltage  phasor  is  obtained  from  the  conditions  at  the 
converter  AC  terminals  as  follows. 


(k) 

M  k)  M  k )  jQC  id,  k)  ,  .  {d,  k)  M  k) 
Vc  =  Vc  e  =  VCR  +JVCI  =  V 


'j^d,  k\ 


'U,k) 


KNfj 


puon^*}.  (4-293) 


from  which, 


{d,k) 

~CRI 


-  T  y  T 

( d.k )  («/,*)  =  r/f*)  .  ,q(A). 

''cs  VC/  V c  cos(9c  )  sm(9c  ) 


v«*>  + 

VR 


'yW*X 

xc 

- 


Uk) 


(d,k) 


V  w 


d,k  h 

C  .(</,  k) 


(4.294) 


The  initial  steady-state  values  ^  and  iRl  ^  calculated  in  the  previous  section  are  then 

substituted  in  (4.294)  to  calculate  the  initial  values  of  the  commutating  voltage  components, 

v(k) 

~CRIn ' 


Based  on  (4.193)  on  page  161,  the  commutating  voltage  magnitude  V^’  ^  is: 

4“  =  )(v<"»)2  +  (v«‘>)2  -  (4295) 

which  is  linearized  according  to  (4. 1 95)  to  yield  the  following  expression  for  the  perturba¬ 
tion  in  the  commutation  voltage  about  its  initial  steady-state  value, 


AV(d’k)  = 


1  L  ( d,k)T  ( d,k )  ,  . 
vHd,k)p~CRI')  Av~CRI  (Pu)’ 


(4.296) 


where  is  obtained  by  substituting  Y^Rd  (4-295). 


(k) 

The  initial  steady-state  firing-angle  delay  a0  is  obtained  by  back  substituting  into  (4.289), 
Vfa  from  the  power  flow  solution,  from  (4.291)  and  V^’  ^  (calculated  above),  to  give: 


a 


(*) 


acos 


o-VA 


(Vpi-i.*) 

cvd  v  C„ 


(4.297) 
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The  perturbation  in  the  DC  voltage  about  its  initial  steady-state  value  is  obtained  by  lineariz¬ 
ing  equation  (4.289)  to  yield: 

-  [ci^os(af)]A^^Kciy^^m(af)]Aa«-[<^x  Hf3^ 


dx 


(4.298) 


43.8.4  Perturbation  in  real  and  reactive  power  supplied  from  the  commutation  bus 

The  current  output  from  the  converter  terminal,  /  ’  \  is  equal  and  opposite  to  that  output 

from  the  commutation  bus,  7^’  \  i.e. 


}(d,k)  _  ~(d,k) 

lc - 1 


(4.299) 


The  real  and  reactive  power  supplied  from  the  commutation  bus  is: 

D(d,k)  ._(<*,*)  _  :Xd,k)  3d,k\* 


C 


+JQ 


c 


=  V'c  Uc  )  • 


(4.300) 


Substituting  in  the  preceding  equation  for  *  in  terms  of  the  converter  terminal  voltage 
and  current  from  (4.293)  and  then  substituting  for  '  from  (4.299)  yields: 


D(d,k)^;„(d,k) 


C 


+JQ 


c 


V^-j 


r  M  k  k 

xc 


J(d,k) 


c^y 


d,k\ 


V  A f 


V) 


yd’k)) 


=  _p(d’k)_j 


Q 


( d,k ) 


vi 


d,ky 


V  N' 


(k) 


(/**>)2 


From  the  preceding  equation  the  real  and  reactive  power  output  from  the  commutation  bus 
is  expressed  in  terms  of  the  real  and  reactive  power  output  from  the  converter  AC  terminal, 

PUl’ and  (Jy  d' k) ,  and  the  magnitude  of  the  AC  converter  current,  fd’  ^  ,  i.e.: 


p(d,k)  =  _p(d,k) 


and 


n(d,  k) 
U C 


Q 


,(d,k ) 


d,ky 


y  n 


(k) 


|(/^))2 


(4.301) 


The  initial  steady-state  value  7^'  ^  is  obtained  from  (4.201)  on  page  162  using  the  previous¬ 
ly  determined  current  components  k)  .  Then  T’q  ^  and  ^  are  derived  by  substitut¬ 
ing  the  previously  determined  values  of  P*q’  ^ ,  Q^' k)  and  k'>  in  (4.301). 
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(A:) 

Let  (|>  (rad)  be  the  angle  by  which  the  fundamental-frequency  commutation  bus  current 

phasor  T'q  "*  lags  the  rms  phase-neutral  commutation  voltage  phasor  \  The  factor 

cos((|)  )  is  the  power  factor  -  or  displacement  factor  -  of  the  fundamental  waveforms  and 

(k)  (k) 

is  a  function  of  the  converter  firing-delay  and  extinction-delay  angles,  a  (rad)  and  5 
(rad),  respectively. 


An  approximate  value  of  the  power  factor  is 


cos((|)<^1)  =  (cos(a(^)  +  cos(5(i)))/2  . 


(4.302) 


However,  an  exact  expression  for  the  power  factor  angle  is  provided  in  [29]: 

.  ,  =  jik)  =  =  2(5(A>  -  aU))  +  sin(2a(A))  -  sin(25ai) 

IT  cos(2a  )-cos(25  ) 


(4.303) 


The  reactive  power  output  from  the  commutation  bus  is  related  to  the  real  power  output 

k» 


and  the  power-factor  angle,  4>  ,  by: 


(4.304) 


Equations  (4.303)  and  (4.304)  are  now  used  to  calculate  the  initial  steady-state  value  of  the 
extinction-delay  angle.  The  initial  steady-state  values  Pq  ^  and  Q^!’  ^  were  determined 

earlier  in  this  section  and  aQ  was  determined  in  (4.297).  Thus,  from  (4.304)  it  follows  that 

(|)qA|  =  atan2  l.  Substituting  for  the  known  values  of  7^  =  tan(<|)[p*)  and 

(k) 

a])  in  (4.303)  results  in  the  following  non-linear  equation  for  the  initial  value  of  the  extinc¬ 
tion-delay  angle: 


5o  - 


0  +  sin(28Q^)  -  cos (25qA  j/2  ,  where 
c0  =  2a^  -  sin(2aj)i))  +  P^cos^a^ *)  is  known. 


(4.305) 


1.  Note  that  the  atan2  function  is  used  to  ensure  that  the  power-factor  angle  is  located  in 
the  correct  quadrant.  This  is  important  when  the  converter  is  operating  as  an  inverter. 
See  the  footnote  on  page  126  for  the  definition  of  atan2. 
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The  preceding  equation  can  be  solved  using  any  one  of  a  number  of  methods  including  a 
fixed-point  iteration  method  or  the  Newton-Raphson  method  with  an  initial  estimate  of 

5q'*  determined  from  (4.302). 


(k) 

Let  |i  (rad)  be  the  overlap  angle,  then 


(*)  M)  (k) 
g  =5  -  a 


(4.306) 


It  is  noted  that  inconsistencies  can  arise  between  the  steady-state  solution  of  converter  var¬ 
iables  in  the  power  flow  and  the  initial  conditions  determined  for  the  purpose  of  linearizing 
the  converter  model.  Such  inconsistencies  are  frequently  attributable  to  the  way  in  which  the 
power-factor  angle  is  expressed  as  a  function  of  the  thyristor  firing  and  extinction  angles. 


The  linearized  form  of  (4.303)  is: 

A  7^  =  (1 

=  (^Aa^  +  ^AS^) 

where  =  (2///^) jcos(2aQ^)  +  7^r')sin(2a^) -  lj, 

and  cjgj  =  -(2/7/j^)  j  cos(28q*))  +  7^ sin (25^)  -  1 J . 


(4.307) 


(4.308) 


The  perturbation  in  the  reactive  power  output  from  the  commutation  bus  is  thus  obtained 
by  linearizing  equation  (4.304)  about  the  operating  point  to  give: 


A Q{c’k)  =  lik)AP(c’k)  +  Pic’ok)Allk) .  (4.309) 

4. 3. 8. 5  Perturbations  in  converter  AC  current  and  apparent  power  output 

From  equations  (4.290)  and  (4.301)  the  following  expressions  for  the  real  and  reactive  power 

output  from  the  converter  terminals  are  found: 


P{d,k)  =  -(P{dk)/S<usb)  +  p(Sfk))  and  Q{d’k)  = 


Ad,  k) 

'c 


-Qr  "'  + 


^{d,k)2 


(4.310) 


The  perturbations  in  these  quantities  about  the  operating  point  are  obtained  by  linearizing 
the  preceding  equations  to  yield: 

rMk)dd,k\ 

AC  '() 


Ap(d,k)  =  -( 1 A S{^k))AP(k)  and  A Q(d’k) 


-A  Q^k)  +  2 


A fd,k) .  (4.311) 
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The  perturbations  in  the  AC  converter  current  components  about  the  operating  point  are 
obtained  in  terms  of  the  perturbation  in  the  converter  apparent  power  output 


(AS 


( d,k )  _ 


-i  T 


)  and  the  perturbations  in  the  AC  terminal  voltage  compo¬ 


nents  by  application  of  equations  (4.199)  and  (4.200)  on  page  162  to  yield: 

A  .(<*,*)  Mk).Jd,k),Jd,k).  ( d,k )  ...  ,  .  , 

Air/  =  Jis  AS  +J)V  Avr/  (pu),  in  which 


(4.312) 


#*>  = 


Mk( 


{d,  k)  (d,  k) 
V«o  V/o 
(d,  k)  (d,  k) 

v4  -v*0 


and 


= 


f 

1 


(p(d,k) 

VM) 


„.(d,k)  (d,k).  ,  J«,M  \“,"A 

nRn  vSn  '  1^0  nR-  VT»  > 


VRn 


M  k ) 
-o 


7  HQ^k)-2ifk\fk))  (P^k)-2i 


,(d,k )  ( d,k 

’  Vr 

0  J0 

,(d,k)  ( d,k ) 


(4.313) 


The  perturbations  in  the  converter  AC  current  required  in  equation  (4.31 1)  are  obtained  by 
applying  equation  (4.202)  on  page  162  to  the  converter  AC  terminal  (k)  as  follows: 


T  (d,k) 

>  a Lri 


(pu). 


(4.314) 


4. 3. 8. 6  Modifications  of  the  general  converter  model  for  inverter  operation 

The  voltage-commutated  thyristor-controlled  converter  model  developed  above  is  general 
in  that  it  applies  whether  the  converter  is  operating  as  a  rectifier  or  inverter.  When  the  con- 

verter  is  operated  as  an  inverter  the  firing-angle  delay  a  must  be  greater  than  jt/2  rad  in 
order  to  produce  a  DC  voltage  that  opposes  the  flow  of  the  DC  current  through  the  thyris¬ 
tor  valves.  The  DC  voltage  produced  by  the  rectifier  forces  the  DC  current  through  the  in¬ 
verter  valves  against  the  opposing  inverter  DC  voltage.  When  describing  the  operation  of 

the  inverter  it  is  common  practice  to  refer  to  the  firing- angle  advance,  P  (rad),  and  the 

(k) 

extinction-angle  advance,  y  (rad)  which  are  related  to  the  corresponding  delay  angles  by: 

n(i)  (k)  ,  ( k )  fk)  .. 

p  =  it -a  and  y  =  Jt-o  .  (4.315) 

Thus,  although  it  is  mathematically  unnecessary,  in  the  case  of  inverter  operation  the  above 
equations  of  the  advance  angles  are  added  to  the  general  converter  equations  in  accordance 
with  conventional  practice. 

4. 3. 8. 7  Converter  control  input 

(k) 

The  converter  model  has  a  single  control  input  signal  denoted  by  u  .  From  a  detailed  mod- 

(k) 

elling  perspective  this  input  is  usually  the  thyristor  firing-angle  delay,  a  .  However,  it  is 
also  common  when  representing  the  inverter  control  system  to  employ  either  the  firing-an- 
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( k )  .  (k) 

gle  advance,  P  ,  or  the  extinction-angle  advance,  y  ,  as  the  control  signal.  Thus,  one  of 
the  following  constraints  on  the  converter  input  signal  is  typically  employed  for  detailed 
modelling  of  the  converter  controls: 

( A )  (A)  .  j.  ( A )  „(A)  .  j.  (A)  (A)  ,  j.  _1  „ 

u  =  a  (rad)  or  u  =  p  (rad)  or  u  =  y  (rad).  (4.316) 


It  is  often  desirable  to  provide  a  simplified  functional  representation  of  the  converter  con¬ 
trol  systems.  For  example,  if  the  converter  is  equipped  with  a  fast  acting  control  system 

(A) 

whose  objective  is  to  maintain  constant  DC  power  flow  then  the  control  input  u  can  be 
set  to  rather  than  . 

4. 3. 8.8  Summary  of  the  linearized  converter  algebraic  equations 

A  consolidated  list  is  presented  below  of  the  linearized  algebraic  equations  for  the  voltage- 
commutated  thyristor-controlled  converter  model.  The  initial  steady-state  operating  condi¬ 
tion  is  determined  from  the  power  flow  solution  as  described  in  the  preceding  sections. 


DC  side  equations 

0  =  [c^cosCa^llAF^’  ^  ^)sin(a[,*))]Aa(*)-  x  10-3]A/^  -  A  (4.31 7) 

from  (4.298), 

0  =  ( x  1 +  (/£>  x  1 03)A  -  AP{k)  from  (4.292).  (4.318) 


0  = 


Commutation  bus  equations 


1  T 


Avr  j  + 


yN' 


d,k\ 

C_  WA) 

f>  ' 


MA) 


Av 


from  (4.294), 


A  i 


;(.d.  A) 


-Av 


(d,k) 

CRI 


0  = 


4 


o  =  A p(d’ k)  +  AP(c’ k)  from  (4.301), 

0  =  c^W^c^AS^-AT^ 

1 a0  ro0 

from  (4.307)  and  (4.308)  where  =  tan(c|><A)); 
0  =  lik)A P{r  k)  +  P{r  k)Alik)  -  A Q^’ k)  from  (4.309). 


(4.319) 


fr°m  (4-2%)>  (4-32°) 


(4.321) 

(4.322) 

(4.323) 
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Converter  AC  terminal  equations 

( k )  -  <?(d’ k)  a  k)  from  (4.31 1); 


0  =  +S]ls’b’AP 


0  =  -A  Q 


id,k) 


+  2 


r^d,k)^d,ky 


\  If 


(k) 


A/W k)  -  A Q{d’ k)  from  (4.31 1), 


0  =  j\f  k)A S{d’ k)  +  jff  *}AvJJ  k)  -  A /  JJ  A)  from  (4.312)  and  (4.31 3), 
0  =  (l//0‘/-*))(/W*))rA/g*)_A/rf-*)  from  (4.314). 


(4.324) 

(4.325) 

(4.326) 

(4.327) 


Advance  angle  equations 

0  =  Aa(A)  +  A(3(A)  and  0  =  A5(A)  +  AyW  from  (4.315).  (4.328) 


Input  control  signal  equation 

As  mentioned  in  Section  4.3. 8. 7  it  is  desirable  in  a  flexible  converter  model  for  the  control 
input  signal  to  be  constrained  to  an  independent  variable  depending  of  the  user’s  specific 
requirements.  For  detailed  modelling  the  input  control  signal  will  typically  be  defined  by  one 
of  the  following  equations: 

0  =  Aa{k)-Au{k)  or  0  =  A${k)  -  Au(k)  or  0  =  Ay(A)  -  Au{k) ,  from  (4.316).  (4.329) 


Alternatively  if  the  functional  behaviour  of  the  converter  control  system  is  to  be  represented 
then  the  input  is  constrained  to  some  other  user-selected  system  variable  A yc  such  that: 

0  =  A yik}  -  A u{k) .  (4.330) 

4. 3. 8. 9  Relationship  between  the  internal  model  and  external  interface  values  of  the  DC  volt¬ 
age  and  current  in  the  general  HVDC  transmission  model. 

As  described  in  Section  4. 3. 8.1  the  positive  direction  of  the  DC  current  variable  used  in 
the  internal  formulation  of  the  converter  model  is  in  the  direction  of  the  thyristor  valves. 
The  positive  direction  of  the  DC  voltage  variable  used  in  the  formulation  of  the  model 

(k) 

is  in  the  positive  direction  of  Iclx  .  The  rectifier  (r)  and  inverter  (i)  define  external  interface 
variables  for  the  DC  voltage  and  current  for  the  respective  converters  in  the  general  model 
of  the  HVDC  transmission  system  shown  in  Figure  4.17  on  page  177.  Figure  4.21  shows  the 
relationship  between  the  internal  and  external  interface  DC  current  and  voltage  variables  for 
two  scenarios: 

1.  The  DC  current  flow  is  from  the  rectifier  to  inverter  for  which  the  relationships 
between  the  internal  and  external  variables  are: 
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for  the  rectifier:  =  ££  and  fJ }  =  F^’ ,  (4.331) 

for  the  inverter:  7^  =  -7^  and  F^'  =  -F^.  (4.332) 

2.  The  DC  current  flow  is  from  the  inverter  to  rectifier  for  which  the  relationships 
between  the  internal  and  external  variables  are: 

for  the  rectifier:  I(^  =  and  F^  =  -F^ ,  (4.333) 

for  the  inverter:  =  7^  and  fJ}  =  F^} .  (4.334) 


Of  course,  in  both  cases  the  DC  power  flow  is  from  the  rectifier  to  the  inverter;  in  the  first 
case  the  DC  current  and  power  flow  in  the  same  direction,  whereas  in  the  second  case  the 
direction  of  DC  power  flow  is  opposite  to  that  of  the  DC  current 


(a)  DC  current  flow  from  the  rectifier  to  the  inverter. 


(b)  DC  current  flow  from  the  inverter  to  the  rectifier. 

Figure  4.21  Relationship  between  converter  internal  and  external  DC  variables. 

4.3.8.10  Assembly  of  the  TCCX  model 

In  the  small-signal  model  of  a  TCCX  the  rectifier  (r)  in  Figure  4.17  is  represented  by  a  volt- 
age-commutated  thyristor-controlled  converter  model  in  accordance  with  the  linearized 
equations  listed  in  Section  4.3. 8. 8.  In  the  rectifier  model  the  superscript  (k)  in  the  general 
equations  is  replaced  by  (r).  The  relationship  between  the  internal  values  of  the  rectifier  DC 
voltage  and  current  -  and  the  corresponding  external  interface  values  of  these  quantities  -  is 
defined  by  either  equation  (4.331)  or  (4.333)  depending  on  the  direction  of  DC  current  flow. 
The  linearized  model  of  the  inverter  is  similarly  represented  but  with  (k)  replaced  by  (i).  The 
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HVDC  transmission  line/cable  is  represented  by  the  equations  (4.277)  to  (4.282)  on 
page  179.  The  interconnections  between  the  linearized  equations  for  the  converters  and 
HVDC  line/ cable  are  represented  by  the  following  linear  constraint  equations: 

°  =  4? +45  (A).  °  =  42+4?  (A),  o  =  4r)-  45  m  0  -  40-  45  (tv).  (4.335) 

It  is  possible  to  implement  a  wide  range  of  control  strategies  with  this  general  purpose  mod¬ 
el.  The  principal  control  strategies  are:  (i)  the  rectifier  operates  in  constant-current  control 
and  the  inverter  operates  in  constant  extinction  angle  control,  or  (ii)  the  rectifier  operates  in 
constant  firing-angle  control  and  the  inverter  operates  in  constant-current  control.  Supple¬ 
mentary  control  strategies  to  achieve  a  range  of  objectives  are  possible,  including  regulation 
of  power  flow,  regulation  of  frequency  and  damping  control.  The  control  systems  are  spe¬ 
cific  to  the  application  and  are  omitted  from  the  model. 


The  linearized  model  equations  of  the  TCCX  system  can  be  written  in  the  following  form 
which  is  suitable  for  integration  with  the  linearized  DAEs  of  the  power  system  as  described 
in  Section  4.4.  The  superscript  (T)  denotes  that  the  quantity  is  associated  with  the  integrated 
TCCX  system. 


pAx 


(T) 


0 

0 


J{T) /T)  0 
Jfx  Jfz  " 

JT)  JT)  JT 
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(4.336) 


(T)  (T)  ( T) 

The  state,  the  algebraic,  and  the  control-input  variables  (Ax  ,  Az  ,  A uc  )  in  the  preced¬ 


ing  equation  combine  the  corresponding  variables  from  the  rectifier  and  inverter  models  and 
the  HVDC  line/cable  model.  The  current  components  injected  by  the  TCCX  into  the  AC 

buses  to  which  the  rectifier  and  inverter  AC  terminals  are  connected  are  A  T 1  and  the  as¬ 
sociated  bus  voltages  are  Ay^"’  ^  .  These  latter  current  and  voltage  quantities  are  in  per-unit 
of  the  base  values  of  the  network  buses  to  which  the  converter  terminals  are  connected. 


4.3.9  Thyristor  Controlled  Series  Capacitor  (TCSC) 

A  model  for  the  TCSC  suitable  for  small-signal  rotor-angle  stability  analysis  is  shown  in 
Figure  4.22. 

It  is  assumed  that  under  steady-state  conditions  the  TCSC  is  represented  in  the  power  flow 
as  a  series  susceptance,  b0  ,  between  buses  j  and  k  as  shown  in  Figure  4.22(a).  The  super¬ 
script  (n)  denotes  that  the  susceptance  is  in  per-unit  on  the  network  base  quantities.  The 
steady-state  voltages  at  buses  j  and  k,  Vjq  =  Vq  '  1  and  V ^  =  Vq  ’  ~  **  respectively,  are  also 
obtained  from  the  power  flow  solution. 
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(a)  Steady-state  representation  of 
TCSC  in  power-flow. 


Figure  4.22  Representation  of  the  TCSC  (a)  under  steady-state  operating  conditions  in 
the  power  flow,  and  (b)  as  a  dynamic  device  with  controllable  series  reactance. 


Thus  in  the  complex  network  nodal  current  equations  in  (4.337)  below  the  TCSC  is  repre- 

(fl') 

sented  by  the  admittance  yjk  =  ykj  =  jb 0  of  the  branch  between  buses  j  and  k. 
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(4.337) 


where  Vm  and  Im,  m  =  l,  are  respectively  the  voltage  and  current  injected  into  bus 

m,  each  in  per-unit  on  the  network  base  quantities. 


In  order  to  represent  the  TCSC  in  a  dynamic  model  of  the  system,  those  terms  associated 
with  the  steady-state  representation  of  the  TCSC  are  deleted  from  the  nodal  admittance  ma¬ 
trix.  At  bus  j,  these  are  respectively  the  series  element  -y  -k  and  term  y-k  in  the  self  admit¬ 
tance  term  Y  ■■ .  The  same  approach  is  adopted  at  bus  k  for  the  terms  -ykj  and  ykj  .  In  the 

dynamic  model  depicted  in  Figure  4.22(b)  the  series  branch  is  replaced  by  equivalent  current 
injections  from  terminals  1  and  2  of  the  TCSC  into  the  network  buses  j  and  k.  It  is  assumed 

that  the  control  input  is  the  reactance  of  the  series  capacitor.  The  superscript  (d)  de¬ 
notes  that  the  quantity  is  in  per-unit  on  the  TCSC  base  quantities. 

The  methodology  outlined  below  can  be  adapted  to  derive  the  relationships  of  greater  com¬ 
plexity  for  the  current  flows  through  a  series  branch  whose  impedance  (or  admittance 
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y  =  g  +,jb)  is  to  be  controlled  dynamically;  there  may  also  be  shunt  elements  at  terminals  7 
and  2  in  Figure  4.22(a). 


It  is  assumed  that  the  following  network  base  quantities  are  specified  for  buses  j  and  k  to 
which  terminals  7  &  2  of  the  TCSC  are  connected: 


^Sb  =  <sb]  =  ^sb]  (kV)  and  S^h  =  sft?  =  S(unsf  (MV A).  (4.338) 

Correspondingly,  it  is  assumed  that  the  TCSC  device  base  quantities  are: 

=  ^usbl)  =  V%b2)  (kV)and  S^h  =  (MVA).  (4.339) 

The  base  value  of  admittance  in  the  TCSC  per-unit  system  is  7^*  =  C/(^l)2  ohm  and 

(n\  in')  2  ^  ^ 

in  the  network  per-unit  system  it  is  *b  Susb/^usb>  ohm.  Thus,  the  susceptance  in  the 
network  and  TCSC  per-unit  systems  are  related  by 

b(n)  =  KYb(d) ,  (4.340) 


2 

in  which  Ky  =  Ks/Kv  and  where  Kv  and  Ks  are  defined  in  accordance  with  (4.189)  and 
(4.190)  on  page  160.  Thus,  =  b^/Ky. 


Let  /  *  =  +  jif'>  be  the  phasor  current  flow  from  terminal  2  to  7  of  the  TCSC  and  let 


.id)  (d)  id)  'id,  2)  'id,  1)  (d,  2)  (d,  1)  (4  2)  (d,  1) 

V  =  vD  +jv,  =  V  -V  =  (v„  —  Vn  )+j(v,  -v,  ) 


(4.341) 


y  R  J y I  V y R  yR  )  J\yI  yI 

be  the  voltage  difference  between  the  terminals  of  the  TCSC.  The  TCSC  terminal  currents 
are: 


>(4l)  _  id,  1)  ,  ..(d,  l)  _  '(d) 


+J‘l 


and  7 


>(4  2)  _  ,(42)x..(4  2)  =  _j(d) 


=  i 


+J‘l 


(4.342) 


The  TCSC  current/ voltage  characteristic  is =  (jbi'c^)\^d)  =  -  b(d\(f'>  +jb('d\’^)  from 
which  it  follows  that: 


;<*>  =  -b(\W 

lR  d  vf 


and 


(d)  =  (d)  (d) 

V  °  XR  ■ 


The  initial  steady-state  value  of  the  TCSC  voltage  difference  is 


(4.343) 


The  TCSC  control  input  is  the  series  reactance  rather  than  the  series  susceptance.  The  two 
quantities  are  related  by  //^  =  — 1/A^  for  which  the  linearized  form  is: 

A bid)  =  (1/J$°)2A*(<0  =  (b^)  M^d) . 


(4.344) 
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The  perturbation  in  the  TCSC  current  components  about  their  initial  steady-state  values  are 
found  by  linearizing  (4.343)  and  substituting  for  A from  (4.344)  to  yield: 

A/j*  =  -bf  Avf-v^)2^  and  A  if  =  b^Avf  +  .  (4.345) 


The  linearized  form  of  the  relationships  between  the  TCSC  current  A 

and  its  terminal  currents  are  found  from  (4.342)  to  be, 

..(</,  1)  ..(d)  ,  ..(</,  2)  ..(d) 

A  iRI  =  A  iRI  and  A  iRI  =  -A  iRI 


A,f  Aif 


~\T 


(4.346) 


The  linearized  form  of  the  equations  describing  the  interconnection  between  the  device  ter¬ 
minals  and  the  network  buses  to  which  they  are  connected  are: 

Af«/1)  =  ’  A ^  =  KjA^j2^  for  the  current  and  (4.347) 

A =  KvAv^}l\  Ay^”’ 2')  =  KyAv^j"^  for  the  voltages.  (4.348) 

The  linearized  equations  (4.345)  to  (4.348)  are  sufficient  to  represent  the  TCSC.  However, 
it  is  also  desirable  to  provide  supplementary  output  equations  for  perturbations  in  the  fol¬ 
lowing  quantities  at  one  or  both  of  the  TCSC  terminals: 

•  the  voltage  magnitude  and  angle  by  application  of  (4.195)  and  (4.196)  on  page  161; 

•  the  real  and  reactive  power  flow  by  application  of  (4.204)  on  page  1 63; 

•  the  magnitude  of  the  current  flow  by  application  of  (4.202)  on  page  162. 

The  TCSC  linearized  model  equations  (4.345)  to  (4.348)  together  with  the  supplementary 
output  equations  can  be  written  in  a  form  suitable  for  integration  with  the  linearized  DAEs 
of  the  power  system  as  described  in  Section  4.4. 

4.4  Linearized  power  system  model 

A  fundamental  assumption  in  this  work  is  that  during  steady-state  operation  all  generators 
and  loads  produce  balanced  three-phase  fundamental-frequency  voltages  and  currents.  It  is 
assumed  the  interconnecting  AC  network  is  three-phase  and  balanced.  Consequently,  for 
steady-state  modelling  purposes,  a  fundamental-frequency  positive  phase  sequence  rep¬ 
resentation  of  the  generators,  loads  and  AC  transmission  system  is  employed.  In  this  rep¬ 
resentation  the  balanced  three-phase  system  voltages  and  currents  are  represented  by 
fundamental-frequency  positive  phase  sequence  stationary  complex  phasors.  For  the  pur¬ 
pose  of  small-disturbance  modelling  the  stationary  assumption  is  relaxed  to  permit  small 
perturbations  in  the  current  and  voltage  phasor  magnitudes  and  phases.  The  resulting  con- 
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cept  of  quasi-stationary,  fundamental-frequency,  positive  phase  sequence  phasors  [34] 
forms  the  basis  for  rotor-angle  small-signal  stability  analysis  of  power  systems  in  this  section. 


A  high-level  mathematical  description  of  how  the  linearized  differential  and  algebraic  equa¬ 
tions  (DAEs)  of  the  interconnected  system  are  assembled  from  (i)  the  DAEs  of  each  of  the 
devices  and  their  associated  control  systems,  and  (ii)  the  network  nodal  admittance  equa¬ 
tions  which  are  provided  below.  The  resulting  equations  have  a  modular  and  extremely 
sparse  structure  which  must  be  exploited  to  ensure  computationally  efficient  analysis  of 
large  power  systems. 

4.4.1  General  form  of  the  linearized  DAEs  for  a  device  and  its  controls 

th 

It  is  assumed  that  the  i  device  has  an  ordered  list  of  nf  AC  terminals  which  are  connected 

to  a  corresponding  list  of  network  buses  bt(k) ,  k  =  1,  ...,  n(  .  It  is  also  assumed  that  the 

device  and  its  controls  do  not  have  inputs  from  any  other  device.  (Note  that  the  equations 
of  devices  that  are  interconnected  through  their  control  systems  are  combined  to  form  a  sin- 

th 

gle  super-device).  The  i  device  and  its  associated  controls  is  represented  by  a  set  of  line¬ 
arized  DAEs  of  the  following  form: 


a  ,C)A  ^  6,(0)  O'.  6,(0)  O',  6,(0)  (*;M)  M). 
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1=  l 
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(4.349) 


a,  bt(m),  6,.(0)  .(/,  6,(0)  1U  6,(*),  6,(0)  ,  (6,(0) 

I  (Jii  A‘RI  +Jiv  AI«/ 

/=  1 

Jib  &,■(*)) 

A  u. 

*- 1 


Jiu  '  AUj  for  m  =  1,  nf 
in  which  Ax.,  A  z.  and  Am.  are  respectively  vectors  of  n  states,  nz  algebraic  variables  and 


.th 


nu  external  input- variables,  associated  with  the  i  device.  Moreover, 
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are  the  real  and  imaginary  components  of  the  current 
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injected  by  the  /  terminal  of  the  i  device  into  bus  0((/) ,  /  =  and 


Av 


(6,(0) 


RI 


Av 


(6,(0)  ,  (6,(0) 


Av, 


are  the  real  and  imaginary  components  of  the  voltage  at  bus 


Sec.  4.4 


Network  nodal  current  equations 


197 


bjd) ,  I  =  1,  ...,  n t  .  The  voltage  and  current  components  are  in  the  synchronously-rotating 
network  frame  of  reference,  and  are  each  in  per-unit  on  their  respective  network  base  quan¬ 
tities.  The  constant  coefficient  matrices  ,  etc.  are  typically  sparse  and  depending  on 

the  device  some  of  the  coefficient  matrices  may  be  zero. 


4.4.2  General  form  of  the  network  nodal  current  equations 

It  is  assumed  that  bus  kis  connected  to  a  list  dk  of  nd  current  injecting  dynamic  devices 
and  to  a  list  ck  of  n£  immediately  adjacent  buses  through  series  admittance  elements.  Each 
element  of  dk  contains  the  identifier  of  both  the  device  and  the  terminal  within  the  device 
which  is  connected  to  the  bus.  Most  buses  in  large  sparse  networks  do  not  have  any  dynamic 
devices  connected  to  them  and  so  in  most  cases  dk  is  empty.  Applying  Kirchoff  s  Current 

Law  to  bus  k  results  in  the  following  nodal  current  equations,  one  for  the  real  component 
of  the  current  and  the  other  for  the  imaginary  component. 


0  = 


Ykk^fl  + 
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/=  1 


k  k 

YkA^Rl  Z 
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(4.350) 


in  which  Ykk 


Gkk  Bkk 
Bkk  Gkk 


and  Ykl 


Gkl  ~Bk, 
Bkl  Gkl 


(4.351) 


correspond  respectively  to  (i)  the  sum  of  all  admittance  elements  connected  to  bus  k,  and  (ii) 
the  negated  total  series  admittance  between  buses  k  and  /  (i.e.  admittances  of  parallel  branch¬ 
es  between  two  nodes  are  summed).  These  equations  are  sparse  in  the  sense  that  they  in¬ 
volve  the  voltages  at  a  very  small  subset  of  the  buses  in  the  network. 


The  network  nodal  current  equations  for  all  of  the  buses  k  =  1, ...,  n,  are  now  expressed 

in  the  following  matrix  form  in  which  the  buses  connected  to  dynamic  devices  are  parti¬ 
tioned  from  the  internal  passive  buses.  It  is  emphasised  that  computationally  sparse  matrix 
storage  and  analysis  methods  are  used  in  which  only  the  non-zero  admittance  blocks  in  each 
nodal  current  equation  are  stored  and  analysed.  Furthermore,  for  many  purposes  distin¬ 
guishing  between  the  dynamic  and  passive  buses  is  unnecessary.  The  network  nodal  current 
equations  are: 
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in  which: 
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and  Av 
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are  respectively  vectors  of  voltage  components  (i)  of  the  ndh  buses  to  which  dynamic  de¬ 
vices  (d)  are  connected;  and  (ii)  the  remaining  set  of  passive  buses  (p).  Furthermore, 
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is  the  vector  of  the  current  components  injected  by  the  nd  dynamic  devices  into  the  buses 

to  which  they  are  connected.  For  the  ith  device  the  current  injection  vector  is  composed  of 
nt  elements,  one  for  each  of  its  AC  terminals,  such  that: 
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(4.353) 


4.4.3  General  form  of  the  linearized  DAEs  of  the  interconnected  power  system 

The  equations  for  each  dynamic  device  with  the  form  in  (4.349)  are  interconnected  through 
the  network  nodal  current  equations  (4.352)  to  yield  the  following  general  form  of  the  line¬ 
arized  DAEs  of  the  interconnected  power  system. 
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(4.354) 


In  equation  (4.354)  Ax  = 

Ax  i 

,  A  z  = 

Az  i 

,  Au  = 

A“l 

A' *nd 

%_ 

AU~ 

are  respectively  the  system 
state-variables,  the  internal  algebraic-variables  and  the  external  system  input  variables  of  all 


Sec.  4.4 


Linearized  DAEs  of  the  power  system 


199 


the  dynamic  devices  connected  to  the  system.  The  coefficient  matrix  has  the  following 
block  diagonal  structure: 

Jfx=  S^...,/^),  (4.355) 

and  the  coefficient  matrices  Jjz ,  Jju  ,  Jgx ,  J '  and  Jgu  similarly  have  a  block  diagonal 
structure.  The  structure  of  the  coefficient  matrices  associated  with  the  current  and  voltage 
components  such  as  J ^ ,  Jgv  and  J depend  on  the  relative  ordering  of  the  dynamic  devic¬ 
es  and  the  buses  to  which  they  are  connected.  In  any  event,  for  large  systems,  these  matrices 
are  also  very  sparse. 

4.4.4  Example  demonstrating  the  structure  of  the  linearized  DAEs 

For  illustrative  purposes  the  structure  of  the  linearized  DAEs  of  the  small  power  system  in 
Figure  4.23  is  given  in  Figure  4.24.  The  system  model  in  Figure  4.23  incorporates  a  device 
(1)  with  two  terminals  connected  to  two  buses  (1  and  2);  buses  1  and  2  are  each  connected 
to  two  devices  (1  and  2)  and  (1  and  3)  respectively;  and  finally  the  bus  (3)  is  connected  to 
one  dynamic  device  (4).  This  interconnection  of  dynamic  devices  and  buses  represents  the 
range  of  possibilities  usually  encountered  in  practice. 


Figure  4.23  Example  network  to  illustrate  the  modular  and  sparse  structure 
of  the  linearized  DAEs  of  the  interconnected  power  system. 
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Figure  4.24  Structure  of  the  linearized  DAEs  of  the  system  in  Figure  4.23. 
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In  Figure  4.23  blank  space  indicates  the  corresponding  matrix  entries  are  zeros.  The  matrix 
block  labelled  ‘A’  corresponds  to  the  sub-matrix  Jjx  in  equation  (4.354),  block  ‘B’  corre¬ 
sponds  to  Jfz  ,  etc. 

4.5  Load  models 

4.5.1  Types  of  load  models 

In  large  scale  power  system  stability  studies  loads  are  typically  aggregated  at  bulk  supply  sub¬ 
stations.  In  rotor-angle  stability  studies  a  static  representation  of  loads  is  commonly  em¬ 
ployed,  as  reported  in  a  recent  international  survey  [37].  In  such  a  representation  the  real  and 
reactive  power  consumed  by  the  load  at  a  point  in  time  is  dependent  on  the  voltage  and  fre¬ 
quency  at  the  same  instant  [35,  36],  Composite  load  models,  such  as  those  described  in  [38], 
which  incorporate  an  equivalent  representation  of  the  distribution  network  as  well  as  a  va¬ 
riety  of  dynamic  and  static  load  model  components  are  not  considered  in  this  book.  The  fol¬ 
lowing  is  a  general  representation  of  a  static  load  model. 


P  = 


*4: 


v\p 1  (  vy'p 2 

aAvJ  +aAvJ  +  a\vr 


(1  +a/f-f0)) 

(1  +b/f-fQ)) 


(4.356) 


in  which  P  and  Q  are  the  real  and  reactive  power  consumed  by  the  load  in  per-unit  on  the 
base  MVA  of  the  system;  V  is  the  terminal  voltage  of  the  load  in  per-unit  of  the  base  voltage 
of  the  bus  to  which  the  load  is  connected;  and  f  is  the  frequency  of  the  load  bus  voltage  in 
per-unit  of  the  system  base  frequency.  P0,  Q0,  V0  and  f0  =  1  are  the  corresponding  initial 

steady-state  values.  The  load  model  parameters  are  a{ ,  mpj ,  b{ ,  m  •  for  i  =  1,  . . .,  3  ,  ay  and 
bf.  Furthermore,  in  (4.356) 


I  ai  and  hs  =  I  bi 


(4.357) 


i  =  1 


The  formulation  in  (4.356)  can  be  used  to  represent  a  range  of  commonly  employed  load 
models  such  as  the  ZIP  (composite  constant  impedance,  current  and  power)  representation 
and  the  exponential  load  model. 

Three  basic  types  of  static  loads  can  be  represented  by  the  following: 

1.  A  constant  impedance  load:  aj  =  1  and  a 2  =  a 3  =  0,  mp j  =  2;  bj  =  1  and  bi  =  bj  =  0, 

mqi  =  2,  Uj  =  bf=0; 
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2.  A  constant  current  load:  aj  =  a^  =  0  and  a2  =  1,  mp2  =  A  b]  =  b$  =  0  and  b2  =  1, 
mq2  =  1,  af=bf=0; 

3.  A  constant  power  load:  aj  =  a i  =  0  and  a$  =  1,  mpj  =  0;  b ]  =  b2  =  0  and  b3  =  1, 
mq3  =  0,  Uf=  bf=0. 

Note  that  the  load  can  be  any  linear  combination  of  the  above  and  the  type  of  the  real  and 
reactive  parts  may  differ.  For  example,  a  load  may  have  a  constant-current  real  component 
and  a  constant-impedance  reactive  component;  this  combination  is  the  most  commonly 
used  static  load  model  in  the  absence  of  any  further  information  or  measurement  on  the  load 
characteristics  of  the  system  under  study  [35],  The  frequency  dependence  of  loads  is  not 
modelled. 

Work,  such  as  [38,  40],  shows  that  loads  may  have  a  significant  impact  on  the  damping  of 
rotor  modes  and  therefore  accurate  dynamic  modelling,  whenever  possible,  of  loads  is  high¬ 
ly  desirable  in  both  transient  and  small-signal  stability  studies. 

4.5.2  Linearized  load  models 

For  the  purposes  of  small  signal  analysis,  equations  (4.356)  are  readily  linearized  about  the 
steady-state  operating  point  to  yield: 

A P  =  CpvAV+CpfAf  and  A Q  =  CgvAV+CqfAf,  (4.358) 

P  3 

in  which  Cpv  =(y)np,  Cpf  =  P0af,  and  np  =  (£)  £  (4.359) 

"  ( =  l 

and  C  ,  ng  and  Cqj-  are  calculated  analogously. 

The  above  small-signal  model  of  a  load  is  connected  to  the  network  by  relating  the  real  and 
reactive  power,  voltage  magnitude  and  bus  voltage  frequency  to  the  voltage  components, 
y RI,  of  the  bus  to  which  the  load  is  connected  and  the  current  components,  iRI,  injected  by 
the  load  into  the  bus.  The  reference  for  the  voltage  and  current  components  is  the  synchro¬ 
nously  rotating  network  frame  of  reference;  the  voltage  and  current  are  each  in  per-unit  on 
their  respective  network  base  quantities.  It  is  assumed  that  the  initial  values  of  the  real  and 
reactive  power,  PQ  and  Q0  ,  and  the  voltage  magnitude  and  angle,  VQ  and  90  are  given  by 
the  power  flow  solution.  From  these  initial  values  the  following  are  derived: 

v«0  =  Focos(0o)’  v/0  =  Kosin(0o)-  (4.360) 

r 2  2 

The  voltage  magnitude  is  V  =  JvR  +  vj  which  is  linearized  about  the  steady-state  operating 
point  to  yield: 
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AV 


fvR^ 

+ 

£ 

> 

< 

io 

1*0  J 

« 

A  v. 


(4.361) 


The  perturbation  in  the  frequency  of  the  load  bus  frequency  is  given  by: 

(4.362) 

in  which  (£>h  is  the  base  value  of  system  frequency  in  rad/ s  and  A0  is  the  perturbation  in 
the  bus  voltage  angle  in  radians  and  t  is  time  in  seconds.  It  is  important  to  recognise  that 
A0  is  not  a  state-variable  and  therefore  that  rate-of-change  of  bus  voltage  angle  is  approxi¬ 
mated  by  means  of  a  highpass  (i.e.  washout)  filter  with  a  very  short  time  constant,  for  which 

7)-  =  a with  o tf  =  0.1  is  a  reasonable  choice1.  Thus,  in  the  s-domain  the  bus  frequen¬ 
cy  perturbation  is  approximated  by: 

^  -  (^)h%40W-  (4J63) 


Transformation  of  the  preceding  equation  to  the  time-domain  results  in  the  following  state- 
and  algebraic  equation: 


pAxf  = 


A f  = 


Axf+ 


(4.364) 


The  bus  voltage  angle  is  0  =  atan2(v/;  vR)  which  upon  linearization  yields  the  following  ex¬ 
pression  for  A0 : 


A0  =  - 


I  Avr  + 


'V 

vyoy 


Avr 


(4.365) 


The  current  injected  by  the  load  into  the  bus  to  which  it  is  connected  is  given  by: 

(**  +  /*/)  =  =  -{%(PvR  +  Gvi)+j(P'’i-QvR))-  (4-366) 

By  linearizing  the  real  and  imaginary  components  of  the  preceding  equation  about  the  initial 
steady-state  operating  point  the  following  equation  for  the  perturbation  of  the  current  com¬ 
ponents  injected  by  the  load  into  the  network  are  obtained: 


1.  Some  time  domain  analysis  programs  utilize  integration  algorithms  which  require  inte¬ 
gration  time-steps  to  be  shorter  than  the  shortest  model  time-constant.  For  use  in  such 
programs  a  larger  value  of  co  may  be  required. 
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ALrI  ^izA~ 

^ivA~RI  ’ 

(4.367) 

T 

in  which  Az  =  [A/>  AV  A/'Ae]  , 

(4.368) 

r  \ 

VR0  VI0  2VOlR0  0  0 

and  Jiy  =  ± 

P0  Qo 

(4.369) 

v,  -vs  2  VniT  0  0 

10  K0  V  1  o 

-Qo  p0_ 

The  initial  steady-state  values  of  the  current  components  are  obtained  from  (4.366).  The  lin¬ 
earized  state-  and  algebraic-equations  (4.358),  (4.361),  (4.364),  (4.365)  and  (4.367)  represent¬ 
ing  the  load  are  now  amalgamated  into  the  following  matrix  equation  which  is  in  the  general 
form  of  the  device  equations  in  (4.349)  on  page  196. 


<l 

0 

0 

Jfx  Jfz  0  0 

fgx  Jgz  0  Jgv 

0  -Jiz-I-J, 


-i 

A  xf 

Az 

AiRI 

a~ri_ 

(4.370) 


fx 


Jgz 


(  „  \ 

I1), 

J.  = 

0  0  0  0  - 

1 

fz 

-1  0  Cpv  C  f 

*->v„ 

0  0-10 

0  0  0  -1 
0  0  0  0 


(°  bT< 
-1 


and  Jgv  = 


1 

Jgx  =  [o  0  0  1  o]  > 


fvA 

J0 

1/oJ 

K. J 

0 

0 

zv 

Jo 

/" ©  , 

> 

(4.371) 


Jiz  and  Jjv  are  defined  in  (4.369). 


If  the  frequency  dependence  of  loads  is  neglected  then  equation  (4.370)  is  simplified  by 
omitting  the  state -variable  Ax ^  the  algebraic-variables  A/  and  A9  ,  and  the  associated  equa¬ 
tions.  In  this  case  it  is  also  possible  to  omit  the  explicit  equations  for  the  load  and  instead 
implicitly  include  the  effect  of  the  voltage  dependence  of  the  load  by  modifying  the  self-ad¬ 
mittance  of  the  bus  to  which  the  load  is  connected  as  follows.  It  can  be  shown  that  the  per¬ 
turbation  of  the  current  injected  by  the  load  is  given  by: 

aIri  =  ~ylAv~ri 


(4.372) 
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in  which  Y L  = 


v2J 


f 

V 
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(VrVl 

10 

WJ 
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Qo +  c« 
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To  Jj 
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)  1 

f 

( v7  y 

Qo  ~  ci\ 
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K  V0J 
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To )) 

where 


(4.373) 


CR  P0 


vvoj 


( np~2)  +  Q0, 


64 

A, 


(nq  -  2)  and 


CI  P0 


A, 


K“2)-0o 


v7oy 


<V'2). 


(4.374) 
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Appendix  4—1  Linearization  of  the  classical  parameter 
model  of  the  generator. 

The  objective  is  to  develop  the  linearized  equations  for  the  generator  model  in  terms  of  the 
classically-defined  standard  parameters  in  the  form  described  in  Section  4.2.13.4.  The  for¬ 
mulation  proceeds  assuming  that  there  are  three  rotor  windings  in  each  axis  after  which  it  is 
demonstrated  that  the  equations  are  readily  reformulated  for  models  with  fewer  rotor  wind¬ 
ings. 

The  rotor  d-  and  g-axis  state-variables  are  respectively: 

T  T 

?C«/  =  [W  <Pi d  <P2J  and  =  [q>,'  <P1  ,  92 J  (4-375) 

The  algebraic-variables  associated  with  the  d-axis  rotor  windings  are  grouped  as  follows: 

T  T 

z~fd  =  !fd’  z~\d=  \iid  9,i d  9rf]  and  z~2d  =  [«'2 d  9,2rf  9rf"]  •  (4.376) 

Similarly  for  the  ^-axis  rotor  windings: 

T  T 

Z~U  =  V  z~2q  =  [*'2 ,  9,2,  99"j  and  23,  =  \j3q  9,3,  9,"]  (4-377) 


Based  on  the  above  groupings  of  state-  and  algebraic-variables  the  d-axis  rotor-winding 
equations  in  (4.133)  to  (4.142)  on  page  147  are  linearized  about  the  initial  operating  condi¬ 
tion  derived  in  Section  4.2.13.3  as  follows. 
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in  which  the  coefficient  sub-matrices  are: 
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The  d-axis  rotor-winding  algebraic  variables  z;.rf  are  defined  as: 


(4.385) 
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The  coefficient  sub-matrices  in  (4.379)  to  (4.384)  are  combined  to  form  the  following  con¬ 
solidated  set  of  sub-matrices: 
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and  the  following  sub-matrix  is  defined: 
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The  consolidated  vector  of  algebraic  variables  in  (4.386)  and  associated  consolidated  coeffi¬ 
cient  sub-matrices  in  equations  (4.387)  and  (4.388)  are  substituted  in  the  d-axis  rotor-wind¬ 
ing  equations  in  (4.378)  to  yield  the  following  compact  formulation: 


P^cd 

= 

0 

Cyzd 

A(? 

+ 

0 

Aid  + 

0 

+ 

<1 

b  ced 

A  Efd 

(4.389) 

0 

9- 

CZZd 

Az~rd_ 

Czid 

czsd 

0 

The  9-axis  rotor- winding  equations  (4.143)  to  (4.152)  on  page  148  following  compact  for¬ 
mulation  of  the  linearized  9-axis  rotor-winding  equations  is  similarly  developed  to  yield, 


pAq> 

1  Zcq 

' 0  c w 

A(p 

Icq 

+ 

0 

Ai  + 

0 

0 

c  c 

Z<$q  ZZq 

AZ~rq_ 

CZiq 

q 

Czsq_ 

in  which  the  following  variable  and  coefficient  sub-matrix  definitions  apply: 


(4.390) 


~rq 


~2 q  ’ 


(4.391) 
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VfZq 


ci  m 

C\2q  C\3q 

Lctpi  q  c<?2q  C<p^/J  ’  ( 

-'zyq 
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9- 

CZZq 

0  C22q  C23q 

9- 

0  c32q  c33q 

C\iq 

1 

cmi„  = 

c 

and  c 

= 

0 

Ziq 

^  2iq 

zsq 

If 

c3iq 

0 

(4.392) 


in  which,  analogously  with  the  d-axis  sub-matrix  definitions  in  equations  (4.379)  to  (4.384), 
the  following  9-axis  sub-matrix  definitions  are  obtained  from  the  9-axis  rotor-equations. 


c<pl  ‘l 


Cy2q 


0  0  0 

0  0  0 

1 

0  0  0 

0  ^  0 
lq  0 

’  Cyiq 

0  — 0 

0  0  0 

2q0 

CUq  (Lq  Lq)’  C2iq 


(4.393) 


(4.394) 
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1<P  9 
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(4.395) 


(4.396) 
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(4.397) 


'32q 
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0  0  1 

L -  L 
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33q 


-1  - 

0 
0 


f  L"-L 


hV"1/)' 
-1 
0 


0 

-1 


(4.398) 


The  d-  and  g-axis  rotor-winding  equations  (4.389)  and  (4.390)  are  now  combined  to  give, 


PA%dq 

— 

0 

0 


'  <pzdq 


Acp 
A  z 


cdq 

rdq_ 


f' zidq^ 


A  i,  +  ° 

~dq  p 

_  zsdq_ 


A4  dq  + 


ce 

o 


A  E 


‘fd- 


(4.399) 


The  following  variable  and  coefficient  matrix  definitions  apply  to  the  preceding  equation. 
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Vcd 

~rd 

'd 

?cq_ 

’  ~rdq 

Z~rq 

’  idq 

!q 

'cp  zdq 


cdq 

®  zd’  C<pzq)  ’  ^Ztpdq 


and  Isdq  = 


®  (  ^jcprf’  ^zq>q  ^  ^ ZZdq 


sd 


sq_ 


(4.400) 


V^zzd’Czzq)  (4.401) 


Czidq  =  ®(Czid’Cziq )’  Czsdq  =  S  (C „ d-  C ZS ,)  and  Hce  = 

In  order  to  readily  generalize  the  formulation  of  the  equations  to  generator  models  with  few¬ 
er  than  three  rotor  windings  in  each  of  the  axes  it,  is  convenient  to  define  the  ^-transient 
flux -linkages  in  terms  of  the  rotor  winding  state-  and  algebraic  variables  as  follows.  The  co¬ 
efficient  matrices  in  the  following  equation  change  depending  on  the  number  of  rotor  wind¬ 
ings: 


ced 

o 


(4.402) 
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A? cdq 
Az~rdq_ 


in  which  Ck(f)dq  =  ®{ck(fd,ckm)  and  Ck,dq  =  ®(ckzd,ckzq)  and  where 
Ckzd  ~  [0  ckld  Ck2d\  ’  Ckzq  ~  [°  ck 2q  C k3q\  ' 


(4.403) 

(4.404) 

(4.405) 


For  the  case  of  three  rotor-windings  in  each  axis  the  constituent  matrices  have  the  following 
values: 


*k<pd  ckyq 


- kid 


Ck2q  0  an4  ck2d 


ck3q  =  [o  0  l]  ■  (4.406) 

The  d-  and  ^-axis  voltage  equations  (4.158)  and  (4.159)  on  page  149  are  consolidated  to  give: 

^ (4407> 


in  which  Wd  = 


Tk 

0  -1 

1  0 

and  z’dq  = 

rs  _K)0  Lq 

Tk 

®0  Ld  rs 

(4.408) 


Three  alternative  methods  of  representing  the  saturation  level  have  been  presented:  (i)  the 
resultant  airgap  flux-linkages  (cp  )  in  Section  4.2.13.2.3;  (ii)  the  resultant  ^’-transient  flux- 

k 

linkages  (cp  )  in  Section  4.2.13.2.1;  and  (iii)  the  transient  d-axis  flux-linkages  (<Pf/)  in 

Section  4.2.13.2.2.  For  each  of  these  methods  the  perturbations  in  the  saturation  demagnet¬ 
ization  currents  can  be  expressed  as  follows.  The  definitions  of  the  coefficient  matrices  in 
the  equation  are  given  in  Table  4.14  for  each  of  the  three  methods  for  representing  the  sat¬ 
uration  level. 

AI~sdq  =  Csq,dq^cdq  +  CskdqA^lq  +  CSidqALdq  (4-409) 

In  Table  4.14  the  saturation  characteristics  for  the  d-  and  q- axes  are  combined  into  a  single 
diagonal  matrix, 

V‘P»)  =  ®(W-W)  (4-41°) 

where  cp;;)  is  the  saturation  level  indicator  for  the  method  chosen  to  represent  the  effects  of 
magnetic  saturation.  The  saturation  demagnetizing  current  components  in  the  d-  and  (/-axes 
in  terms  of  the  selected  saturation  level  indicator  cpm  are,  in  matrix  form, 


~sdq  A dq^^  mdq 


(4.41 1) 


in  which  cp  ,  =  cp  , 

Imdq  \ j  md 

tion  level  indicator. 


is  the  vector  of  the  d-  and  q- axis  components  of  the  satura- 
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Table  4.14  Coefficient  matrices  of  the  linearized,  saturation  demagnetizing  current 
equations  for  the  three  methods  of  representing  the  saturation  level. 


# 


<P„ 


Coefficient  matrices  Cs(?dq  ,  Cskdq  and  Cgidq 


See  Section  4.2.13.2.3,  <pM  =  (pag  and  cp^  =  [q>a</  <paJJ 
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See  Section  4.2.13.2.1,  tp  =  tp 1  and  tp 
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Csidq 


0  in  which  5^(9  )  =  £>(Srf(cp  ),  Sc/(tp  ))  &  tp  =  ^(<p,  )  (tp  ,  ) 


k  J  k 


See  Section  4.2.13.2.2,  cpm  =  tp  J  and  ymdq  =  [tprf'  o] 


^stprfijr 


dtp(/  JQZcdqo)’  ''skdq 

in  whichS^tp,/)  =  ®([srf(cprf')  0  ()] ,  0 


J  =  0  and  Csidq  =  0 


Equations  (4.403),  (4.407)  and  (4.409)  are  incorporated  with  the  rotor-winding  equations  in 
(4.399)  to  yield  the  following  system  of  DAEs: 
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(4.412) 
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In  order  to  simplify  the  structure  of  the  above  equations  it  is  convenient  to  define  the  fol¬ 
lowing  consolidated  vector  of  algebraic  variables: 


A  z ,  = 


Az 

Atp' 


rdq 
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dq 


AI 


sdq_ 


(4.413) 


and  the  associated  consolidated  matrix  coefficients: 


Cce  =  [o  CvlJq  0  o]  ,  Cec  = 
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(4.414) 


Substitution  of  the  quantities  in  (4.413)  and  (4.414)  into  (4.412)  results  in  the  following  com¬ 
pact  form  of  the  linearized  electromagnetic  equations: 
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(4.415) 


The  algebraic  variables  A zg  are  now  eliminated  from  (4.41 5)  to  yield  the  generator  electro¬ 
magnetic  equations  in  the  required  form: 
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A  E 
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(4.416) 


in  which  Ar  =  CceJec,  Bri  =  CceJei,  Cvr  =  CveJec  and  =  CveJei~Zdq  (4.417) 

and  where  J ec  =  ~C~e\Cec  and  J ei  =  -C~\Cei  (4.418) 

The  perturbations  in  the  algebraic  variables  are  given  by: 

Az  =  J  Am  J  +  J  .A i.  (4.419) 

~e  ec  I  cdq  ei  ~dq  ' 
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As  outlined  in  Section  4.2.13.4  the  electromagnetic  equations  in  (4.416)  are  combined  with 
the  rotor  equations  of  motion  and  the  network  interface  equations  as  in  (4. 1 1 7)  on  page  133. 
However,  Ax  and  A u  are  redefined  as  follows: 


Ax 


and  Ait  = 

AEfd 

Acp 

I  cq 

~  m 

ATm_ 

(4.420) 


Appendix  4— II  Forms  of  the  equations  of  motion  of  the 

rotors  of  a  generating  unit 

App.  4-II.1  Introduction 

In  the  literature  various  forms  of  the  equations  of  motion  are  employed,  often  depending 
on  the  application.  However,  it  is  important  to  understand  the  nature  of  any  approximations 
used  and  their  relevance  to  the  application.  When  attempting  to  simulate  small-signal  events 
using  a  large-signal  (transient  stability)  software,  it  has  been  found  that  the  damping  of  var¬ 
iables  does  not  match  that  derived  from  a  small-signal  analysis  software.  The  reason  may  be 
associated  with  the  form  of  the  shaft  equations  employed  in  the  large-signal  simulation  soft¬ 
ware.  Consequently,  several  forms  of  the  large-signal  equations  in  per-unit  form  are  derived 
in  this  appendix,  followed  by  the  associated  small-signal  versions. 


Prime 

Generator 


-  Coefficient  of  viscous  damping,  B 


(a) 


Direct 

axis  Synchronously 


Figure  4.25  (a)  Rotating  mechanical  system,  prime  mover  and  generator 

(b)  Rotating  speed  vectors  and  associated  angles 

For  a  given  generating  unit  consider  the  mechanical  system  of  Figure  4.25(a)  rotating  at  an 
angular  velocity  to (t)  electrical  rad/s  (the  term  ‘speed’  is  synonymous).  Let  us  assume  (i)  a 
two-pole  generator  (i.e.  n  =  1 ),  (ii)  the  total  moment  of  inertia  of  the  rotating  system  is  J 

9  . . . 

(kg-m  ),  (iii)  the  effective  coefficient  of  viscous  friction  for  small  disturbances  in  speed  in 
the  vicinity  of  synchronous  speed  is  B  (N-m/ rad/ s),  and  (iv)  the  shaft  is  infinitely  stiff.  The 
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equation  of  motion  of  the  shaft  in  SI  units,  due  to  a  net  accelerating  torque  T  (t)  (N-m)  act¬ 
ing  on  it,  is: 

jjf(t)  +  B{<o(t)  -  C0S)  =  TJt)  -  Tg(t)  =  TJt) ,  (4.421) 

where  Tm(t)  is  the  prime  mover  torque  (N-m);  TJt)  is  the  airgap  torque  of  electro-mag¬ 
netic  origin  developed  by  the  generator;  time  is  in  seconds. 

Under  perturbed,  stable  conditions  the  instantaneous  angular  velocity  (co(0)  of  the  unit  var¬ 
ies  about  the  synchronously  rotating  speed  reference  (co^,  rad/s)  of  the  system.  As  shown 

in  Figure  4.25(b)  the  rotor  angle  8(1)  of  the  unit  with  respect  to  a  stationary  system  refer¬ 
ence  frame  is: 

9(t)  =  a>st  +  8(t)  (rad), 

where  § (t)  (rad)  is  the  rotor  angle  of  the  unit  with  respect  to  the  synchronously  rotating 
speed  reference.  The  rotational  speed  of  the  shaft  is  thus: 

oo(0  =  =  to  (rad/ s),  or  (4.422) 

at  s  at  at  s 

For  clarity  at  the  present,  let  us  denote  per-unit  quantities  by  the  subscript  p  and  let  base 
speed  be  a>h  rad/ s,  thus  the  per  unit  speed  is 

a>p(t)  =  <o(t)/(ob,  and  ^  ■  (4.423) 

Since  we  are  considering  a  two  pole  machine  base  electrical  and  mechanical  speeds  are  iden¬ 
tical.  Let  us  define  the  per-unit  synchronous  speed  as, 

®0  =  (4-424) 

Note  that  normally,  but  not  necessarily,  =  tt>s  rad/s. 

Let  us  define  base  power  Sh  (VA)  and  base  torque  Th  (N-m)  by  the  relationship: 

Sh  =  tabTb  (see  Tables  4.2-4. 4  on  page  102).  (4.425) 

Dropping  the  time  dependency  of  the  variables  and  dividing  (4.422)  through  by  u>b ,  we  find 
that  in  per-unit 

db  ,  .  ,  d(aP  1  d\ 

-»o)  -jf  ~ 

Let  us  now  consider  several  forms  of  the  per-unit  shaft  equations. 


(4.426) 
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App.  4-II.2  Shaft  equations  expressed  in  terms  of  per-unit  angular 
speed  and  torques 

Dividing  through  (4.421)  by  the  base  torque  Tb  of  the  generating  unit,  and  expressing  the 
equation  in  terms  of  per  unit  speed  a>p  based  on  (4.423),  we  find 


co  hJ  d(op 
T,  dt 


B(o, 


(wp-“o) 


g 


T„.„  -  T _ per  unit. 


mp 


gp 


(4.427) 


Firsdy,  let  us  rearrange  in  (4.427)  the  term, 


<°bJ 


=  2 


r-  2n 

(VI 

25, 


=  2 H ,  where 


H  = 


(4.428) 


H  is  defined  as  the  inertia  constant  of  the  unit,  and  is  the  ratio  of  the  stored  energy  in  Joules 
of  the  rotating  system  at  base  speed  to  the  base  apparent  power,  S ^ ,  of  the  unit  in  VA.  The 
rotating  system  normally  consists  of  the  prime  mover,  and  the  generator  and  exciter. 


Secondly,  consider  in  (4.427)  the  term,  ( Ba>h)/Th  =  D  where  D  is  a  damping  torque  coef¬ 
ficient.  It  is  the  damping  torque  for  a  speed  difference  equal  to  base  speed  per  unit  of  the 
base  torque. 

Thirdly,  the  terms  on  the  right  hand  side  of  (4.427)  are  the  per  unit  mechanical  and  airgap 
electro-mechanical  torques,  Tmp  and  Tgp  respectively. 

The  per-unit  equations  of  motion  of  the  rotor  resulting  from  (4.426)  and  (4.427),  respective¬ 
ly,  are 

f  =  «>*•  («,,-«,„)  and  2H  •  ^  +  D  ■  (ay - co0)  =  Tmp  -  Tgp ,  (4.429) 

which  are  the  equations  of  motion  listed  in  equations  (4.56)  and  (4.57)  on  page  114. 

Note  that  there  are  no  approximations  made  in  the  derivation  of  the  above  equations.  How¬ 
ever,  the  relationship  between  damping  torque  and  speed  perturbations  about  synchronous 
speed,  characterized  by  the  coefficient  D,  is  generally  unknown  at  any  operating  condition. 
Typically,  the  damping  torque  coefficient  D  is  small,  and  being  unknown,  it  is  often  set  to 
zero  or  some  low  value.  Importantly,  damping  effects  of  electromagnetic  origin  are  due  to 
losses  in  the  resistances  of  the  damper  windings  of  the  generator  models.  Such  losses  should 
therefore  not  be  accounted  for  in  damping  torque  coefficient  of  the  shaft  acceleration  equa¬ 
tion. 
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The  per-unit  equations  of  rotor  motion  given  by  (4.429)  are  linear  in  the  speed  and  torque 
variables.  These  variable  can  therefore  be  replaced  by  the  perturbed  variables  to  form  the 
set  of  linearized  equations,  i.e. 

/MS  dAa> 

^  =  coh  Acop  and  2H  ■  +  D  •  AtBp  =  ATmp  -  ATgp ;  (4.430) 

these  are  the  linearized  equations  of  motion  listed  in  (4.58)  and  (4.59)  on  page  114. 

App.  4-II.3  Per-unit  shaft  acceleration  equation  in  terms  of  rotor- 
speed  and  power 

In  a  rotating  system,  the  power,  torque  and  speed  of  rotation  -  all  in  SI  units  -  are  related 
through  the  product  non-linearity 

P  =  <qT  (W).  (4.431) 

The  mechanical  power  delivered  to  the  shaft  by  the  turbine  and  the  power  transferred  across 
the  airgap  of  the  machine  are  respectively, 

Pm  =  <*Trn  (W)  and  Pg  =  coTg  (W).  (4.432) 

Note  that  because  the  shaft  is  assumed  to  be  rigid  the  mechanical  and  electrical  rotor-speeds 
are  identical,  observing  that  in  this  analysis  a  two  pole  machine  is  assumed. 

Based  on  equation  (4.432)  it  can  be  shown  that  the  per-unit  shaft  acceleration  equation  can 
be  expressed  in  terms  of  the  per-unit  accelerating  power  P ap  =  ( P mp  -  Pgp) ,  be. 

2H^£  +  D(<°p-<°o)  =  Vmp-PgpVVp  (4-433) 

for  which  the  linearized  form  is, 
c/Am 

2H^r + DA(0p  =  {AP-p  ~  AiV/ro  o  •  (4-434) 

Furthermore,  it  can  be  shown  that  in  the  linearized  acceleration  equations  the  terms  in  the 
torque  perturbations  in  (4.430)  and  in  terms  of  the  power  perturbations  (4.434)  are  exactly 
equivalent,  i.e.  AT mp  -  AT gp  =  (APmp  -  APgp)/w0  . 

It  is  important  to  note  that  no  approximations  have  been  made  in  the  formulation  of  this 
non-linear  equation.  Specifically,  perturbations  in  the  rotor-speed  in  calculating  the  relation¬ 
ship  between  the  accelerating  torque  and  power  have  been  retained. 

As  mentioned  earlier  normally,  but  not  necessarily,  synchronous  speed  a>s  rad/ s  is  equal  to 
the  base  speed  cb^  rad /s  in  which  case  co0  =  co^/cb^  =  1  per-unit.  If  this  is  the  case  it  follows 
that  the  per-unit  perturbations  in  torque  and  power  are  identical. 
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App.  4-II.4  Shaft  acceleration  equation  neglecting  speed  perturba¬ 
tions  in  the  torque /power  relationship 

It  is  commonly  assumed,  for  the  purpose  of  calculating  the  generator  d-  and  g-axis  stator 
voltages,  that  the  perturbations  of  the  rotor-speed  from  synchronous  speed  are  negligible. 
As  stated  in  Sections  4.2.2  and  4.2.5  this  assumption  is  adhered  to  in  this  book,  i.e.  the  airgap 
power  is  related  to  the  airgap  torque  by: 

Pgp  =  ®0 TgP  (rePeat  of  (4-52)  on  Page  113). 


Given  the  above  approximation  it  is  essential  that  the  relationship  between  the  mechanical 
power  and  torque  also  neglect  perturbations  in  the  rotor-speed,  that  is, 

Pmp  =  ®0  Tmp-  (4.435) 

The  consequence  of  ignoring  the  above  approximation  but  rather  setting  P  =  a>pTmp  is 
discussed  in  Appendix  4— II. 5. 

With  the  assumption  that  perturbations  in  the  rotor-speed  are  negligible  for  the  purpose  of 
calculating  the  shaft  accelerating  power,  it  is  shown  that  the  linearized  shaft  equations  ex¬ 
pressed  in  terms  of  torque  perturbations  (4.430)  are  identical  to  the  equations  expressed  in 
terms  of  power  perturbations(4.434). 


App.  4-II.5  A  common  misunderstanding  in  calculating  the  acceler¬ 
ating  torque  and  power 

The  consequences  of  a  misunderstanding  that  sometimes  occurs  in  the  formulation  of  the 
shaft  acceleration  equation  are  now  discussed.  The  misunderstanding  is  that  the  rotor  speed 
perturbations  are  neglected  in  the  relationship  between  the  airgap  torque  and  power  (as  dis¬ 
cussed  above)  but  erroneously  the  speed  perturbations  are  retained  in  the  relationship  be¬ 
tween  the  mechanical  power  and  torque.  That  is  to  say,  the  error  is  to  define  the  per-unit 
mechanical  and  airgap  power  differently  as  follows: 


Error: 


Pmp  ®pPmp 


and 


PSP  =  “oV 


(4.436) 


From  the  preceding  equation  the  following  inconsistent  expression  for  the  accelerating 
torque  is  derived, 


Tmp  -  Tgp  =  Pmp/(0p  -  Pgp/a0  > 


(4.437) 


which  when  substituted  into  the  per-unit  acceleration  equation  (4.429)  results  in, 


d(ti 

Error:  2 H  ■  —p -  +  Z)  •  (co 
dt  P 


®o)  =  Pmp/(0p-Pgp/a  O' 


(4.438) 


Linearizing  the  above  inconsistent  expression  for  the  acceleration  equation  about  the  oper¬ 
ating  point  yields, 
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2  H- 


dAa>„ 


'  +  D-  Aco„  =  APmri/<DB"-(PmB/(oB')A(on-M>gp/(D0 


dt  P  mP  P  0  mP  0  JV 

which,  upon  substitution  of  co^  =  k>0  >  results  in  the  following  incorrect  form  of  the  line¬ 
arized  acceleration  equation. 

dA(a„  o 

2H.—J1  +  (D  +  Pm/Jo/co0)  •  Arop  =  (APmp  -  A  Psp)/a0  =  (ATmp  -  A  Tgp) .  (4.439) 


dt 


Comparison  of  the  correct  formulation  of  the  linearized  acceleration  in  (4.430)  with  the 
above  expression  (4.439)  shows  that  the  effect  of  the  misunderstanding  is  erroneously  to  in- 

2 

crease  the  damping  coefficient  of  the  generator  model  by  P J  / ©0  . 


Chapter  5 


Concepts  in  the  tuning  of  power  system  stabilizers 

for  a  single  machine  system 


5.1  Introduction 

Although  this  chapter  is  concerned  with  the  application  of  a  power  system  stabilizer  (PSS) 
to  a  single-machine  system,  the  concepts  for  the  most  part  are  applicable  to  multi-machine 
systems:  such  applications  will  be  discussed  in  Chapters  9  and  10.  Various  important  aspects 
of  the  tuning  of  the  PSS  can  therefore  considered  in  some  detail  because  the  analysis  in¬ 
volves  a  simple  system  only. 

The  reasons  for  the  wide-spread  deployment  of  PSSs  in  power  systems  today  are  twofold, 
(i)  to  stabilize  the  unstable  electro-mechanical  modes  in  the  system,  (ii)  to  ensure  that  there 
is  an  adequate  margin  of  stability  for  these  modes  over  a  wide  range  of  operating  conditions 
and  contingencies,  that  is,  the  electro-mechanical  modes  are  adequately  damped.  Some  sys¬ 
tems,  such  as  the  Eastern  Australian  grid,  would  be  unstable  without  the  use  of  both  PSSs 
and  stabilizers  installed  on  certain  FACTS  devices. 

A  marginally  stable  electro-mechanical  mode  is  oscillatory  in  nature  and  is  very  lightly 
damped.  The  frequency  of  rotor  oscillations  is  typically  between  1.5  to  15  rad / s,  and  the  5% 
settling  time  may  be  many  tens  of  seconds.  Typically  a  mode  of  a  lengthy  duration  would 
not  satisfy  the  system  operator’s  criterion  for  modal  damping.  A  stable  mode  is  said  to  be 
‘positively’  damped,  whereas  an  unstable  mode  is  referred  to  as  being  ‘negatively’  damped. 
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With  the  growth  of  power  systems,  and  the  need  to  transmit  power  over  long  distances  by 
means  of  high-voltage  transmission  lines,  the  problems  of  instability  following  a  major  fault 
or  disturbance  have  increased.  Instability  in  such  events  is  typically  the  result  of  a  generator 
falling  out  of  step  due  to  insufficient  synchronizing  torques  being  available  to  hold  genera¬ 
tors  in  synchronism.  In  order  to  increase  the  synchronizing  torques  between  generators, 
high-gain  fast-acting  excitation  systems  were  developed  with  the  objective  of  increasing  field 
flux  linkages  rapidly  during  and  following  the  fault.  However,  such  high-gain  excitation  sys¬ 
tems  may  introduce  negative  damping  on  certain  electro-mechanical  modes. 

In  linear  control  systems  design,  rate  feedback  is  employed  not  only  to  stabilize  an  unstable 
system  but  also  to  enhance  the  system’s  damping  performance.  A  PSS  that  uses  generator 
speed  (i.e.  the  rate  of  change  of  rotor  angle)  as  a  stabilizing  signal  is  such  a  rate-feedback 
controller.  However,  to  introduce  on  the  shaft  of  the  generator  a  torque  of  electromagnetic 
origin  that  is  purely  a  damping  torque  requires  that  the  compensation  transfer  function  pro¬ 
vided  in  the  PSS  is  properly  designed.  ‘Pure’  damping  occurs  when  the  induced  electrical 
torque  is  in  phase  with  speed;  this  is  an  essential  function  of  the  PSS.  Such  a  torque  opposes  a 
change  in  rotor-speed. 

The  main  role  of  the  PSS  is  to  provide  damping  of  the  electro-mechanical  modes  for  small 
disturbances  on  the  system.  Therefore,  in  order  to  analyse  the  dynamic  performance  of  the 
system  and  to  tune  stabilizers,  the  non-linear  equations  describing  the  dynamic  behaviour  of 
the  generator  and  system  are  linearized  about  a  steady-state  operating  condition.  As  outlined 
in  Section  2.1.1  a  set  of  linear  equations  in  terms  of  the  new  set  of perturbed  variables  results. 
A  significant  consequence  is  that  the  powerful  methods  and  techniques  provided  by  linear 
control  systems  theory  become  available  both  for  the  analysis  of  dynamic  performance  and 
for  controller  design. 

This  chapter  is  concerned  with  illustrating  the  concepts  associated  with  the  design  and  tun¬ 
ing  of  a  PSS  using  small-signal  analysis  techniques.  The  performance  of  the  system  under 
large-magnitude  disturbances  -  such  as  fault  conditions  as  mentioned  above  -  is  treated  brief¬ 
ly  in  Chapter  10.  However  it  should  be  mentioned  that,  following  clearance  of  a  fault,  the 
system  may  appear  to  be  stable  following  the  second  or  subsequent  swings  in  the  rotor  an¬ 
gles  but  becomes  unstable  as  the  steady-state  is  seemingly  approached.  Such  instability  is  due 
to  the  existence  of  one  or  more  unstable  electro-mechanical  modes  in  the  post-fault  operat¬ 
ing  condition.  For  example,  transmission  lines  may  have  been  switched  out  of  service  in  or¬ 
der  to  clear  the  fault  and  instability  is  a  consequence  of  network  voltages  falling  during  the 
post  fault  period.  The  PSSs  must  be  designed  to  ensure  small-signal  stable  operation  in  the 
steady-state  that  follows  the  worst-case  contingencies. 

The  benefits  of  small-signal  analysis  in  complementing  large-signal  (or  transient  stability) 
analysis  are  described  in  Section  10.9.1.1. 


Sec.  5.1 


Introduction 
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The  paper  by  de  Mello  and  Concordia  in  1 969  provided  the  basis  for  the  design  of  many 
Power  System  Stabilizers  in  operation  today  [1],  Based  on  the  concept  of  damping  torques 
developed  on  the  generator  shaft,  a  technique  is  presented  in  the  paper  for  the  design  and 
tuning  of  a  speed-input  PSS  for  a  single-machine  infinite-bus  (SM1B)  system.  The  PSS  trans¬ 
fer  function  is  designed  to  provide  phase  compensation  for  the  transfer  function  between 
the  voltage  reference  of  the  AVR  and  the  electrical  torque.  Ideally,  any  perturbations  in  shaft 
speed  produce  pure  damping  torques  on  the  shaft. 

In  a  set  of  papers  by  Larsen  and  Swann  in  1981  [2]  the  concepts  in  [1]  were  extended  and 
applied  to  the  tuning  of  PSSs  and  their  tuning  on  site.  Firstly,  frequency  response  measure¬ 
ments  between  the  voltage  reference  of  the  AVR  and  the  terminal  voltage  yield  a  transfer 
function  which,  because  the  speed  perturbations  are  assumed  negligible,  is  equivalent  to  the 
phase  response  between  the  voltage  reference  and  electrical  torque.  The  transfer  function  is 
called  the  generator  (G),  excitation  system  (E)  and  power  system  (P)  transfer  function, 
GEP(s).  Secondly,  the  PSS  compensation  is  then  designed  to  offset  the  phase-lags  in 
GEP(s)  by  means  of  phase-lead  transfer  function  blocks.  Finally,  the  PSS  gain  is  raised  until 
prolonged  oscillations  are  observed,  i.e.  the  generator  is  on  the  brink  of  modal  instability. 
The  PSS  gain  is  then  set  to  1/ 3rc*  of  the  limiting  value,  providing  a  gain  margin  of  3:1  or  10 
dB.  This  approach  to  PSS  tuning  is  considered  in  more  detail  in  Chapter  6. 

An  alternative  approach  which  is  applicable  to  single-  and  multi-machine  systems  is  based 
on  the  Method  of  Residues  and  is  also  described  in  Chapter  6.  Some  of  the  features  of  the 
these  methods,  and  approaches  to  the  tuning  and  implementation  of  PSSs,  are  described  in 
an  IEEE  Tutorial  Course  [3], 

Using  the  damping  torque  concepts  developed  for  the  single  machine  system  [1],  [2]  and  [4], 
a  procedure  called  the  P-Vr  approach  for  the  tuning  of  PSSs  in  multi-machine  systems  was 
proposed  by  Gibbard  in  1988  [5].  This  procedure  is  in  part  an  extension  of  the  GEP  Meth¬ 
od,  however,  specific  and  meaningful  in  formation  is  derived  concerning  both  the  phase  compen¬ 
sation  for,  and  the  gain  setting  of,  the  PSS.  (See  Section  1 .2,  item  3) 

The  P-Vr  tuning  procedure  is  described  in  this  chapter  for  a  single  machine  system  to  illus¬ 
trate  in  some  detail  the  concepts  in  the  tuning  of  PSSs,  however  -  as  stated  earlier  -  the  pro¬ 
cedure  is  readily  applied  to  multi-machine  systems  and  is  the  subject  of  later  chapters. 

The  literature  on  PSSs,  and  their  associated  stabilizing  signals,  for  single-  and  multi-machine 
systems  is  fairly  extensive  and  is  discussed  in  more  detail  in  Chapter  8,  ‘Types  of  Power  Sys¬ 
tem  Stabilizers’.  The  purpose  of  this  chapter,  however,  is  to  provide  an  understanding  of  the 
fundamentals  of  PSS  design  and  tuning. 

In  this  chapter  the  preliminary  tuning  of  a  PSS  will  be  based  on  the  Heffron  and  Phillips 
model  of  the  SMIB  system  [6].  This  model,  being  fourth  order,  is  amenable  to  simple  anal¬ 
ysis  and  thus  it  is  possible  to  derive  simple,  closed-form  solutions  for  certain  transfer  func- 
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tions  and  torque-related  expressions  which  are  applicable  to  a  range  of  operating  conditions. 
These  features  provide  a  more  detailed  insight  and  understanding  of  the  relevant  concepts.  How¬ 
ever,  to  partially  bridge  the  gap  between  the  low-order  Heffron  and  Phillips  model  and  the 
practical  models  used  in  multi-machine  systems,  the  tuning  of  a  PSS  for  a  higher-order  ma¬ 
chine  model  will  be  employed  later  in  the  chapter.  For  higher-order  models  it  is  not  practical 
to  derive  similar  closed-form  solutions  and  therefore  other  approaches  must  be  employed. 
In  addition,  a  somewhat  more  realistic  representation  of  the  external  system  will  be  adopted 
so  that  system  quantities,  such  as  voltage  levels  on  busbars,  lie  within  normally  acceptable 
ranges. 

Some  of  the  earlier  material  in  this  Chapter,  Section  5.2  to  5.7,  is  also  covered  in  the  IEEE 
Tutorial  Course  [3], 

In  this  and  subsequent  chapters  we  will  employ  the  term  “range  of  operating  conditions” .  It 
is  assumed  that,  for  the  subsequent  analysis,  a  set  of  steady-state  conditions  are  selected 
which  encompass  those  conditions  for  which  the  stabilizer  is  to  be  tuned.  The  latter  conditions 
should  include  normal  operation  and  contingencies  such  as  line  and  generator  outages,  etc. 
By  judiciously  selecting  the  encompassing  set  should  result  in  a  reduction  of  the  number  of 
conditions  that  need  to  be  studied  and  result  in  an  acceptable  stabilizer  design. 

In  the  following  sections  the  excitation  system  ',  which  includes  the  automatic  voltage  reg¬ 
ulator  (AVR),  is  modelled  by  a  simple  first-order  transfer  function.  In  practice  for  the  tuning 
of  the  PSS  an  accurate  model  of  the  excitation  system  and  associated  parameters  are  re¬ 
quired.  The  excitation  system  should  be  properly  tuned  and  the  model  validated  by  meas¬ 
urements.  Because  the  excitation  system  is  in  the  PSS  control  loop  the  resulting 
performance  of  the  PSS  is  likely  to  be  poor  if  the  that  model  is  inadequate. 

5.2  Heffron  and  Phillips’  Model  of  single  machine  -  infinite  bus  sys¬ 
tem 

De  Mello  and  Concordia  based  their  analysis  on  a  linearized  model,  developed  by  Heffron 
and  Phillips  [6],  of  a  single  machine  connected  to  an  infinite  bus  through  an  external  imped¬ 
ance,  r  +  jxe ,  representing  the  sum  of  the  impedances  of  the  generator  transformer  and  the 
Thevenin  equivalent  impedance  of  the  system.  The  Heffron  and  Phillips  model  includes  a 
third-order  representation  of  the  generator  and  a  first-order  model  of  the  excitation  system 
as  shown  in  Figure  5.1.  The  constants  K ^  to  K6  are  defined  in  [1]  and  are  given  in 
Appendix  5—1.1. 


1.  According  to  [7]  the  excitation  system  is  comprised  of  that  “equipment  providing  field 
current  for  a  synchronous  machine,  including  all  power,  regulating,  control,  and  protec¬ 
tive  elements”.  The  regulation  of  terminal  voltage  is  a  function  of  the  AVR. 
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Figure  5.1  Heffron  and  Phillips’  Model  of  a  SMIB  system. 

All  variables  are  in  the  Laplace  (or  s)  domain,  although  much  of  the  later  analysis  is  conduct¬ 
ed  in  the  frequency  domain  with  s  =  y  ay ,  where  ay  is  the  frequency  in  rad/ s.  The  per-unit 

perturbations  in  the  variables  are  defined  below: 

APj  Electrical  torque,  a  function  of  rotor  angle 

AP-,  Torque  of  electro-magnetic  origin 

A/y  Damping  torque  associated  with  windage,  friction,  and  losses  in  the  damper 
windings 

A P  Accelerating  torque  acting  on  the  shaft  of  the  generator-turbine  unit 

A P  Prime  mover  torque 

A E  '  Voltage  proportional  to  direct  axis  flux  linkages 
A  Vf  Terminal  voltage 

A  V  Reference  voltage 

Aro  Rotor  speed 

A5  Rotor  angle 

5.3  Synchronizing  and  damping  torques  acting  on  the  rotor  of  a  syn¬ 
chronous  generator 

In  the  context  of  a  linearized  model  of  a  single-machine  infinite-bus  system,  de  Mello  and 
Concordia  [1]  developed  the  concept  of  a  complex  torque  A P{s)  of  electro-magnetic  origin 
acting  on  the  shaft  of  a  generator.  For  reasons  discussed  shortly,  the  component  of  this 
torque  in-phase  with  speed  was  called  a  damping  torque  and  that  component  in-phase  with 
rotor  angle  was  called  a  synchronizing  torque.  Both  these  torques  are  braking  torques,  that  is, 
they  act  to  oppose  changes  in  speed  or  rotor  angle,  respectively. 


228 


Tuning  PSSs  for  SMIB  system  Ch.  5 


In  the  context  of  the  Heffron  and  Phillips’  model  of  Figure  5.1,  let  us  consider  the  torque 
of  electro-magnetic  origin,  A PQ ,  developed  on  the  rotor  of  the  generator.  If  the  perturba¬ 
tions  in  prime-mover  torque  are  negligible,  A P  =  0,  the  sum  of  the  electrical  torques  acting 
on  the  rotor  can  be  expressed  as 

A  P0(s)  =  A  Pa  =  APl(s)  +  AP2(s)  +  AP3(s),  (5.1) 

or  A P0(s)  =  Kx A500  +  K2AEq'(s)  +  DAa(s) .  (5.2) 

Based  on  (4.58)  the  relation  between  the  rotor  angle  (rad)  and  the  per-unit  speed  can  be  ex¬ 
pressed  as 

A8(s)  =  coqAco(s)/s  ,  (5.3) 

in  the  s-domain.  The  dependency  on  the  Laplace  operator  ‘s ' ,  i.e.  (5),  will  not  be  shown 
when  the  variables  are  clearly  in  the  5-domain. 


The  terms  in  (5.2),  other  than  K0AEq' ,  are  expressed  in  terms  of  Aro  and  A5  .  Let  the  trans¬ 
fer  function  between  Aro  and  A E  '  be  (A E  ')/ Aro ,  and  let  that  between  A5  and  A E  '  be 

H  H  H 

A Eq/ A5  where,  based  on  (5.3), 


5 

ro0 


(5.4) 


The  component  of  electrical  torque  K2AEq'(s)  in  (5.2)  can  be  split  into  components,  a  real 

component  in  phase  with  rotor  angle  and  a  real  component  in  phase  with  speed.  The  ex¬ 
pression  for  A Pq(s)  can  then  be  written  in  the  form: 

AP0  =  [Kx  +  K2f\{AEq'/A8))A8  +  [D  +  Kfi{(AE q' / Ak>)]Ak>  .  (5.5) 

The  paths  in  the  Heffron  and  Phillips’  model  encompassed  by  transfer  function  A E  '/ A5 
are  shown  in  Figure  5.2.  This  transfer  function  can  be  found  by  block  diagram  manipulation 
to  be 


=  ~K3  [^4(  1  +  sTex)  +  K5Kexi 

A5  s2K3TexT'd0  +  s(Tex  +  K3rd0)  +  (1  +K3K6Kex) ' 


(5.6) 


Referring  to  (5.5),  let  us  define  the  coefficients  of  A5  and  Aro  as  ks(s )  and  kd(s)  respec¬ 
tively,  i.e. 

ks  =  Kx+K2m(AEq'/A8)  and  kd  =  D  +  K2^(AEq' /Aa),  (5.7) 

hence  (5.5)  becomes  AP0  =  kdA(o  +  ksA8  .  (5.8) 


The  terms  kd(s)Aa>(s)  and  A:5(5)A6(5)  in  (5.8)  are  damping  and  synchronizing  torques,  re¬ 
spectively.  Consequently  kjs)  is  known  as  a  damping  torque  coefficient  and  k As)  as  a  syn¬ 
chronizing  torque  coefficient. 
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Figure  5.2  Evaluation  of  the  transfer  function  AE  '  / A8 
in  the  Heffron  and  Phillips’  model. 


As  mentioned  earlier,  for  analysis  in  the  frequency  domain,  let  s  =  ja>j-  where  ay  is  the  fre¬ 
quency  in  rad/ s.  From  the  shaft  relation  (5.3),  we  note  that  in  the  frequency  domain  the  ro¬ 
tor  angle  and  speed  are  related  by  A  8  (/ay)  =  -j  (  a>  0  / ay)  A  co  (/  ay ) .  Equation  (5.8)  can  thus 
be  written  in  the  form: 

AP0(ja>f)  =  kdA(o(jcof)  -j(a,0/af)ksA(o(jaf)  =  (a  +jb)A(o{j(of) ,  (5.9) 

where  a  =  kd  and  b  =  — (k>q/ ay )ks  are  torque  coefficients  and  are  respectively  the  real  and 
imaginary  parts  of  the  transfer  function  AP0(/ay)/ Aco(/c y)  ■  Thus  any  positive  torque  coeffi¬ 
cient  in  phase  with  speed  produces  a  positive  damping  torque  on  the  machine  shaft.  Corre¬ 
spondingly,  any  positive  torque  coefficient  in  quadrature  lagging  on  speed  implies  a  positive 
synchronizing  torque. 


A  useful  expression  for  each  of  the  torque  coefficients  can  be  derived  from  (5.9),  i.e. 


k 


d 


APpO'cy)  j 
A co  (/ay)  J 


and 


f«y  apq(/w/)  ] 

|co0  Aco(/oy)  J ' 


(5.10) 


Later  in  Section  5.1 0.2  reference  is  made  to  the  phrase  ‘disabling  the  shaft  dynamics  of  the  ma¬ 
chine’  for  the  purpose  of  calculating  the  torque  coefficients.  The  shaft  dynamics  are  disabled 
if  the  speed  signal  is  completely  isolated,  for  analysis  purposes,  from  the  accelerating  torque 

acting  on  the  shaft.  This  achieved  by  opening  the  output  of  the  block  1  /  (sM)  in 
1 

Figure  5.2  .  We  can  now  treat  the  speed  signal  Aro  as  an  input  signal  to  the  transfer  func¬ 
tion  AP0/ A®  in  (5.10),  and  hence  calculate  the  torque  coefficients. 


1.  Since  M  —  2 H,  setting  the  machine  inertia  constant,  H,  to  infinity  serves  the  same  pur¬ 
pose  [4], 
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5.4  The  role  of  the  Power  System  Stabilizer  -  some  simple  concepts 

Before  further  examining  the  Heffron  and  Phillips’  model  in  detail,  and  in  order  to  provide 
some  insight,  some  simple  concepts  about  the  role,  function  and  effects  of  a  PSS  can  be 
demonstrated  by  simplifying  the  Heffron  and  Phillips’  model  shown  in  Figure  5.1.  Let  us 
assume  that  (i)  there  are  no  perturbations  in  the  reference  voltage  Vr,  (ii)  the  exciter  and 
open-circuit  time  constants,  T  and  K^T' (with  K 3  «0.3),  respectively,  are  very  short, 

and  (iii)  any  disturbances  to  the  system  occur  through  mechanical  torque  perturbations, 
A P  The  model  of  the  generator  in  Figure  5.1  can  then  be  simplified  to  the  second-order 
model  shown  in  Figure  5.3  in  which  the  torques  acting  of  the  shafts  and  the  resulting  speed 
and  angular  deviations  are  shown  . 


Figure  5.3  A  very  simplified  model  of  the  generator  in  a  SMIB  system. 

In  Figure  5.3  the  torque  of  electro-magnetic  origin  APg  acting  on  the  rotor  is  the  sum  of 
the  synchronizing  and  damping  torques,  A P  and  A P d,  respectively,  i.e. 


AP0(s)  =  APS  + APd  =  ksA8  +  kdAco .  ((5.8)  repeated) 


The  transfer  function  between  the  mechanical  torque  perturbation  and  the  rotor  angle  re¬ 
sponse  of  the  generator  shaft  is 


AS  =  _ ^(/C1 2#) _ 

APm  s2  +  kd/(2H)s  +  (n0k/(2H) 


(5.11) 


Typically  the  damping  of  such  a  system  is  light  and  its  response  to  a  step  input  is  oscillatory. 
Thus  there  are  a  pair  of  complex  poles  that  lie  at: 


kd  |  .1  l4(00 ks  (kA2  _  kd  |  ■  Kks 

4H~J2*j(2H)  V2  HJ  4H~J^2H’ 


(5.12) 


1.  The  model  in  Figure  5.3  has  the  same  form  as  that  which  is  obtained  with  a  classical  gen¬ 

erator  model.  In  the  latter  it  is  assumed  that  the  voltage  proportional  to  d-axis  flux-link- 
ages  are  constant  during  the  study  period  (i.e.  AE  '  =  0 ). 
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when  kd«  2  J(n0ks  ■  2  H .  The  frequency  of  the  damped  rotor  oscillations  (the  imaginary  part 

of  the  pole)  is  (0d  »  Jca0ks/ (2 H) .  From  a  consideration  of  the  pole  locations  we  can  con¬ 
clude  that  as  the  damping  torque  coefficient  kd  is  increased  (hypothetically)  from  some  initial 
value: 

•  The  poles  shift  more-or-less  directly  to  the  left  in  the  complex  s-plane  at  a  constant 
frequency  of  oscillation  as  long  as  the  associated  damping  ratio  is  less  than  about  0.2  - 
0.3. 

•  The  damping  constant,  defined  in  Section  2. 8.2.1,  is  a  =  k,/(4H) ,  i.e.  it  is  inversely 

proportional  to  H,  the  inertia  constant  .  For  example,  consider  two  generating  units 
with  identical  per-unit  parameters  on  machine  base  but  their  inertia  constants  are  in 
the  ratio  of  2:1,  say;  of  the  two,  the  lighter  unit  is  the  better  damped. 

•  The  frequency  of  damped  oscillation  is  proportional  to  the  square  root  of  ratio 
©oV (2//) .  Thus,  if  switching  lines  out  of  service  halves  the  synchronizing  torque 
coefficient  -  or  if  the  inertia  constant  of  a  unit  is  doubled  -  the  frequency  of  oscillation 
is  decreased  by  about  30%  (to  1/ J2). 

•  If  the  damping  ratio  exceeds  ~0.2  as  kd  is  increased,  the  trajectory  of  the  complex 
poles  move  along  a  semi-circle  of  constant  radius  in  the  complex  r-plane  (see 
Figure  2.8). 

•  If  the  value  of  -a  =  kd/ (4 H)  is  positive  (i.e.  the  damping  torque  coefficient  kd  is 

negative)  then,  according  to  (5.12),  a  pair  of  poles  lie  in  the  right-half  of  the  complex 
s-plane;  the  system  is  therefore  unstable. 

Let  us  assume  that  we  can  add  a  feedback  loop  from  rotor  speed  Aro  to  the  torque  signal 
A P dp  -  as  shown  in  Figure  5.4  -  such  that  A Pdp  =  k  Aro  .  It  is  clear  that  increasing  the  gain 
k  has  the  same  effect  as  increasing  the  damping  torque  coefficient  kd  that  is,  enhancing  the 
damping  of  rotor  oscillations.  A  PSS  is  a  device  that  ideally  induces  on  the  rotor  a  torque  of 
electro-magnetic  origin  proportional  to  speed  perturbations.  The  ‘ideal’  PSS  gain  k,  which  is 
a  damping  torque  coefficient,  we  shall  call  the  damping  gain  of  the  PSS.  The  ‘ideal’  PSS  will 
produce  a  direct  left-shift  in  the  rotor  mode,  as  manifested  in  (5.12),  from  -kd/(4H)  to 
-(k  +  kd)/ (4 H) .  The  gaol  in  the  tuning  of  a  practical  PSS  is  to  achieve  the  same  result,  the 
damping  gain  of  the  PSS  being  adjusted  to  meet  the  specifications  on  damping  for  the  rotor 
modes  of  oscillation. 


1.  By  ‘direct  left-shift’  is  implied  that  the  eigenvalue  /  mode  shift  is  —  a  ±y0  ,  a  >  0  . 

2.  Some  additional  significance  of  this  result  is  derived  from  the  analysis  in  Section  13.2.2. 
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Ideal  PSS 

Figure  5.4  The  ideal  PSS  introduces  a  pure  damping  torque  A.Prf 
on  the  rotor  of  the  generator. 

As  noted  Section  5.1,  the  PSS  feeds  back  a  signal  proportional  to  speed,  i.e.  the  rate  of 
change  of  position,  a  technique  known  as  “rate  feedback”.  The  technique  is  commonly  used 
in  conventional  control  system  design  to  control  speed  of  a  rotating  device  \  to  improve  the 
damping  -  or  to  stabilize  -  a  closed-loop  system.  Under  ideal  steady-state  conditions  the  per¬ 
turbations  in  speed  are  zero  in  a  stable  system  -  and  thus  rate  feedback  acts  only  when  the 
system  is  disturbed  in  some  way,  e.g.  by  noise  -  which  is  always  present. 

Note  that  speed  appears  to  be  the  ideal  stabilizing  signal  because  the  damping  torque  in¬ 
duced  on  the  shaft  of  the  generator  by  the  associated  PSS  is  related  to  speed  through  a  sim¬ 
ple  gain.  Moreover,  this  gain  being  a  damping  torque  coefficient  has  practical  significance, 
e.g.  a  damping  gain  in  the  range  20  -  30  pu  on  machine  MVA  rating  is  a  moderate  damping 
gain  setting  for  a  speed-PSS.  Practical  forms  of  the  “speed-PSS”,  such  as  the  “integral-of- 
accelerating-power  PSS”,  are  discussed  in  Chapter  8. 

In  practice  the  ‘ideal’  speed-PSS,  consisting  simply  of  a  damping  gain  k,  is  replaced  by  a 
transfer  function  Hpss(s)  =  kG(s),  where  G(s)  consists  of  a  compensating  transfer  func¬ 
tion  and  relevant  filters.  In  this  chapter  the  design  of  the  transfer  function  kG(s)  is  outlined 
for  a  SMIB  system  to  illustrate  a  number  of  concepts  which  are  also  applicable  to  multi-ma¬ 
chine  systems. 

5.5  The  inherent  synchronizing  and  damping  torques  in  a  SMIB  sys¬ 
tem 

Prior  to  attempting  to  discuss  or  tune  the  PSS  for  a  generator  it  is  instructive  to  ascertain  the 
levels  of  the  inherent  damping  of  the  rotor  modes.  One  approach  is  to  calculate  the  eigen¬ 
values  of  the  system.  A  second  approach  is  to  determine  the  natural  or  inherent  damping 
torque  coefficient  over  the  range  of  rotor  frequencies  for  the  system  (although  in  this  case 


1.  In  order  to  control  speed  the  feedback  signal  (from  the  ‘ideal  PSS’)  must  negated  at  the 
summing  junction  as  shown  in  Figure  5.4. 
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of  a  SM1B  system  there  is  only  one  mode  of  rotor  oscillation).  In  order  to  provide  a  com¬ 
plementary  point  of  view,  the  second  approach  will  be  adopted. 

Based  on  the  Heffron  and  Phillips’  model  of  Figure  5.1  and  equations  (5.7)  and  (5.8)  the  syn¬ 
chronizing  and  damping  torque  coefficients  can  be  determined  for  the  SMIB  system.  In  the 
absence  of  a  PSS,  ks  and  kd  in  (5.7)  are  the  synchronizing  and  damping  torque  coefficients 

inherently  produced  by  the  generator.  Using  a  simple  example  let  us  calculate  these  torque 
coefficients  to  examine  not  only  their  values  in  the  vicinity  of  the  frequency  of  the  single 
rotor  mode  but  also  how  they  vary  with  the  generator  loading. 

5.5.1  Example  5.1 

For  present  purposes  a  third-order  model  of  the  generator  and  a  first-order  model  of  the 
excitation  system  are  used.  The  unit  is  connected  to  an  infinite  bus  through  transformer  and 
transmission  line  reactances  representing  the  external  system. 

The  parameters  of  a  SMIB  system  and  the  steady-state  operating  conditions  are: 

Generator:  D  —  0,  H—  3.0  MWs/MVA,  ra  —  0,  xd  =  1.9  pu,  xq  —  1.8  pu,  x' d  —  0.30  pu, 

T'd0  =  6.5  s,  rating  250  MVA. 

Exciter:  Kex  =  200  pu,  Tex  =  0.02  s. 

Transformer  and  line  reactance:  x,  =  0.15  pu  and  xL  =  0.225  pu,  respectively. 

The  generator  is  under  closed-loop  voltage  control,  terminal  voltage  Vt  —  1.0  pu. 

Operating  Conditions:  System  frequency  =  50  Hz.  Rated  real  power  output  is  P  —  0.9  pu, 
and  reactive  power  outputs  are  Q  =  -0.20,  0.0,  0.2  and  0.4  pu. 

The  machine  and  system  base  is  250  MVA.  The  constants  K j  to  Kg  are  defined  in  [1]  and 
Appendix  5—1.1. 

Note.  For  present  purposes  it  is  assumed  that  this  SMIB  system  is  a  representation  of  a  generator 
and  transmission  system  within  a  multi-machine  system  in  which  the  electro-mechanical  modes 
may  range  from  1.5  -  15  rad/s.  While  there  is  a  single  rotor  mode  in  this  example,  the  PSS  is  to 
be  tuned  for  the  latter  frequency  range. 

For  each  operating  condition  at  0.9  pu  real  power  output  the  rotor  angle,  the  terminal  volt¬ 
age  angle,  the  infinite -bus  voltage,  the  R-constants,  the  eigenvalues  for  the  rotor  mode,  and 
the  inherent  synchronizing  and  damping  torque  coefficients  are  given  in  Table  5.1.  The  ei¬ 
gen-analysis  reveals  that  all  the  real  parts  of  the  rotor  mode  are  positive  and  thus  the  system 
is  unstable  for  the  range  of  reactive  power  outputs  of  the  generator;  the  frequency  of  the 
unstable  rotor  modes  is  between  7.9  and  9.3  rad/ s.  The  damping  and  synchronizing  torque 
coefficients  for  all  operating  conditions  are  given  at  a  frequency  of  8.69  rad/ s,  a  value  close 
to  the  mid-range  of  the  frequencies  of  oscillation  of  the  rotor  modes.  The  negative  damping 
torque  coefficients  at  8.69  rad/s  (-16.9  to  -2.3  pu)  are  consistent  with  the  unstable  rotor 
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modes.  Relative  to  the  damping  torque  coefficients  the  variation  of  the  synchronizing 
torque  coefficients  (1.6  to  1.2  pu)  is  much  less  over  the  range  of  operating  conditions. 


Table  5.1  Ai-constants,  rotor  modes  and  inherent  torque  coefficients  kd,  ks, 

for  P  =  0.9  pu, 


Q 

pu 

Rotor 

Angle 

deg. 

Angle 

Term. 

Voltage 

deg. 

Infinite 

Bus 

Voltage 

pu 

K, 

k2 

k3 

k4 

Ks 

k6 

Eigenvalues, 
rotor  mode 

kd 

at 

8.69 

rad/s 

K 

at 

8.69 

rad/s 

-0.2 

85.9 

17.4 

1.127 

1.355 

1.665 

0.297 

2.664 

-0.121 

0.204 

1,15  V' 9.23 

-16.9 

1.62 

0.0 

77.0 

18.6 

1.055 

1.289 

1.523 

0.297 

2.437 

-0.072 

0.292 

0.514±y  8.70 

-6.56 

1.44 

0.2 

70.0 

20.0 

0.985 

1.202 

1.371 

0.297 

2.194 

-0.051 

0.357 

0.267  ±j  8.25 

-3.22 

1.29 

0.4 

64.9 

21.6 

0.915 

1.122 

1.227 

0.297 

1.964 

-0.048 

0.404 

0.198±y  7.94 

-2.34 

1.20 

For  later  reference  it  is  instructive  to  consider  the  frequency  response  of  the  transfer  func¬ 
tion  for  the  inherent  torque  coefficients.  Referring  to  Figure  5.2  and  (5.6),  the  transfer  func¬ 
tion  is 


^_a 

Ara 


A  P  =  0 


A  Px  +  A  P2 
Acb 


*1-2 


K2KJK4(l+sTex)+K5Kex] 


^K3TT'd0  +  s(T 


eX  +  KlT'd0)  +  (l+K3K6KeX)l 


(5.13) 


where  A Pa  is  the  accelerating  torque.  An  examination  of  (5.13)  reveals  that  at  both  low  and 
high  frequencies  (s  — >  j 0  or  s  — »  j oo)  the  transfer  function  rolls  off  at  20  dB/decade  at  a 
phase  angle  of  -90° ,  i.e.  the  damping  torque  coefficients  at  these  frequencies  are  zero. 
There  is  phase  variation  from  -90°  in  the  intermediate  frequency  range  as  shown  in  the  re¬ 
sponses  in  Figure  5.5(a). 


Note  from  Figure  5.5(a)  the  damping  torque  coefficient,  kd  =  gain  x  cosine! 'phase  angle),  is 
negative  for  all  the  selected  outputs;  the  associated  inherent  damping  torques  in 
Figure  5.5(b)  are  therefore  destabilizing.  This  result  is  consistent  with  those  revealed  in 
Table  5.1. 


Clearly  for  this  system  the  degree  of  instability  (as  revealed  by  both  the  negative  inherent 
damping  torque  coefficient  and  the  real  part  of  the  eigenvalue  of  the  rotor  mode)  increases 
as  the  generator  operates  at  increasingly  leading  power  factors.  The  potential  for  small-signal 
instability  is  a  characteristic  of  generator  operation  at  leading  power  factors.  A  device  called 
an  under-excitation  limiter  is  normally  fitted  to  a  machine  to  prevent  the  steady-state  oper¬ 
ating  point  from  drifting  too  far  into  the  leading  power  factor  region. 
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Q=-0 . 2  -  Q=0.0  - Q=-0 . 20  -  Q=0 . 0 

(a)  -  Q=  0.2  Q=0.4  (b)  -  Q=  0.2  0  Q=0.4 


Figure  5.5  (a)  Frequency  response  of  the  transfer  function  APa/ Aa>  for  the  inherent 

torque  coefficients  for  real  power  output  P  =  0.9  pu  as  reactive  power  Q  (pu)  varied. 

(b)  The  associated  damping  and  synchronhing  torque  coefficients. 

We  have  examined  only  a  few  operating  conditions  at  rated  real  power  output  of  0.9  pu.  For 
present  purposes,  however,  this  simple  set  of  studies  reveals  that  a  PSS  -  when  installed  - 
should  possess  a  damping  gain,  i.e.  a  positive  damping  torque  coefficient,  greater  than 
k=  16.9  pu  to  ensure  stability  under  the  most  onerous  operating  condition,  P—  0.9  and 
Q  =  -0.2  pu. 

Note  from  Table  5.1  that  the  voltage  at  the  infinite-bus  end  of  the  high  voltage  lines  is  out¬ 
side  a  practical  range  of  0.95  to  1.05  pu  for  three  of  the  four  operating  conditions.  Later  in 
Section  5.10.4  -  when  a  more  practical  system  is  employed  -  we  will  ensure  that  a  more  ap¬ 
propriate  set  of  operating  conditions  is  studied. 

5.6  Effect  of  the  excitation  system  gain  on  stability 

1 

In  practice  it  is  common  for  excitation  system  gains  to  lie  in  the  range  of  200  to  400  pu  ,  or 
more.  High  gains  may  be  desirable  to  satisfy  requirements  for  steady-state  voltage  regula¬ 
tion,  or  to  boost  generator  field  flux  linkages  during  the  fault  period  thereby  enhancing  syn- 


1.  For  example,  subject  to  certain  conditions,  a  requirement  in  a  set  of  Rules  [8]  requires 
that  generators  must  have  an  excitation  control  system  that  regulates  voltage  at  an  agreed 
location  to  within  0.5%  of  the  set-point.  This  implies  an  excitation  system  gain  of  at  least 
200  pu. 
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chronizing  torques  between  generation  in  the  early  post-fault  period.  In  the  case  of  small- 
signal  dynamic  performance,  the  effect  of  the  excitation  system  gain  on  damping  torques, 
and  therefore  stability,  is  analysed  in  detail  in  [1], 

From  Table  5.1  it  is  observed  that  the  system  is  unstable  for  the  range  of  steady-state  oper¬ 
ating  conditions  covered  in  the  studies.  Because  the  excitation  system  gain  of  200  pu  in  this 
application  is  considered  fairly  high,  it  is  instructive  to  assess  the  effect  of  lower  and  higher 
gains  on  the  rotor  modes. 

In  Figure  5.6  are  shown  the  loci  of  the  rotor  mode  as  the  excitation  system  gain  is  increased 
from  zero  to  300  pu  for  two  of  the  operating  conditions  included  in  Table  5.1.  Without  a 
PSS  this  SMIB  system  is  stable  only  at  very  low  excitation  system  gains,  i.e.  less  than  30  pu. 
As  the  power  factor  becomes  less  lagging,  i.e.  at  Q  =  0,  the  damping  of  the  rotor  mode  tends 
to  degrade  further  as  the  gain  increases. 

In  this  simple  model  of  the  generator  and  excitation  system  the  higher-order  dynamics  are 
ignored.  Such  a  model  may  be  satisfactory  at  low  excitation  system  gains,  but  at  high  gains 
the  effect  of  the  unmodelled  dynamics  is  to  degrade  stability.  Care  therefore  should  be  taken 
when  analysing  simplified  low-order  models  in  high-gain  excitation  systems. 


Figure  5.6  Variation  of  the  rotor  mode  with  increasing  excitation  system  gain  Kex  for  two 
steady-state  operating  conditions,  P  =  0.9  and  Q  =  0,  Q  —  0.4  pu.  No  PSS  in  service. 

5.7  Effect  of  an  idealized  PSS  on  stability 

In  Section  5.4  it  was  noted  for  the  very  simplified  model  of  the  SMIB  system  that  the  left- 
shift  in  the  rotor  mode  due  to  an  idealized  speed-PSS  is  k/ (4 H) ,  where  k  is  the  damping 
gain  of  the  PSS  and  H  is  the  inertia  constant.  Somewhat  analogous  to  the  treatment  in 
Section  5.4  of  the  effect  of  the  PSS  on  the  rotor  mode,  let  us  consider  the  performance  of 
an  idealized  PSS  on  the  SMIB  system  represented  by  the  Heffron  and  Phillips  model  of 
Figure  5.1  on  page  227. 
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Because  the  element  D  in  Figure  5.1  is  a  pure  damping  gain,  D  =  APdp/A(i> ,  it  can  be  re¬ 
placed  -  or  augmented  -  by  an  idealized  speed-PSS  of  gain  k.  Setting  k  =  D  =  20  pu  and  by 
calculating  the  poles  of  the  closed-loop  transfer  function  A  V((s)/ A  Vr(s)  ((5.69) 
Appendix  5—1.2),  the  effect  on  the  rotor  mode  of  such  a  PSS  can  be  assessed. 

Let  us  consider  in  Table  5.1  on  page  234  the  steady-state  condition  P  =  0.9,  Q  —  0  pu  for 
which  the  rotor  mode  is  0.514  ±y'8.70  with  no  PSS  in  service.  Based  on  the  above-men¬ 
tioned  calculation  the  rotor  mode  with  the  idealized  PSS  is  -  1.040  ± y'8.57  .  The  mode  shift 
due  to  the  action  of  the  idealized  PSS  is  -  1.554  +  y'0.13  which,  for  practical  purposes,  is  a 
direct  left-shift  of  1.554  Np/ s.  This  is  in  good  agreement  with  the  shift  of  k/  (4 H)  =  1.667 
Np/ s  for  an  inertia  constant  of  H  =  3  MWs/MVA.  The  result  will  be  reviewed  later  when 
a  practical  PSS  is  employed  with  the  Heffron  and  Phillips  model  of  the  SMIB  system. 

5.8  Tuning  concepts  for  a  speed-PSS  for  a  SMIB  system 

The  simple  Heffron  and  Phillips  model  for  the  linearized  SMIB  system,  shown  in  Figure  5.1 
on  page  227,  will  used  to  illustrate  the  concepts  employed  in  the  tuning  of  a  PSS  based  on 
the  so-called  ‘P-Vr’  method. 

As  foreshadowed  in  Section  5.4,  the  form  of  the  transfer  function  of  the  speed-PSS  is 

Hpss(s)  =  kG(s)  where  G(s)  =  Gc{s )  •  G^s)  ■  GLP(s);  (5.14) 

the  right-hand-side  transfer  functions  are  defined  below.  Let  us  now  consider  a  five-step 
procedure  for  the  tuning  of  the  PSS  transfer  function  HPs$(s)  ■ 

1.  Determine  the  compensating  transfer  function  Gc(s )  such  that,  over  a  selected  range 
of  modal  frequencies,  a  torque  of  electro-magnetic  origin  proportional  to  speed  is 
induced  by  the  PSS  on  the  shaft  of  the  generator. 

2.  Select  the  value  of  the  damping  gain  k. 

3.  Select  the  parameters  of  the  PSS  washout  filter  G^s).  This  filter  blocks  steady-state 
offsets  (i.e.  DC  signals)  and  significantly  attenuates  low-frequency  signals  below  the 
range  of  rotor  modal  frequencies.  Ideally,  its  transfer  function  over  the  range  of 
rotor  modal  frequencies  is  1  Z0°. 

4.  Select  the  parameters  of  the  low-pass  filter  GLp(s)  that  significantly  attenuates  high- 
frequency  signals  above  the  range  of  rotor  modal  frequencies.  In  the  range  its  trans¬ 
fer  function  is  ideally  1Z0°.  The  filter  may  also  attenuate  the  higher-frequency  shaft 
torsional  modes  to  ensure  that  they  are  not  excited  by  the  PSS.  If  a  true-speed  input 
PSS  is  employed,  which  is  rare  in  practice,  it  may  require  specialized  filters  to  attenu¬ 
ate  the  torsional  modes. 
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5.  Implement  the  PSS  tuning,  assess  its  performance,  and  confirm  the  validity  of  the 
design  over  an  encompassing  range  of  operating  conditions. 

These  steps  are  discussed  in  the  following  sections. 

5.8.1  Determination  of  compensating  transfer  function 

The  determination  of  compensating  transfer  function  Gc(s)  is  the  first  step  in  the  PSS  tun¬ 
ing  procedure  outlined  above. 

The  output  of  the  speed-PSS  is  injected  at  the  summing  junction  of  the  voltage  reference 
and  terminal  voltage  signals  -  or  at  some  point  in  the  AVR  of  low  signal-power  level.  The 
PSS  forms  a  feedback  loop  as  shown  in  dashed  lines  in  Figure  5.7.  Note  that  the  sign  on  the 
output  signal  of  the  PSS  is  (maybe  unexpectedly)  +  AVS  .  However,  comparing  Figure  5.7 
with  Figure  5.4,  we  note  that  the  negation  already  occurs  at  the  output  A P2  of  the  internal 
path  A P2  <  — Acb  in  Figure  5.7  and  hence  a  positive  sign  must  arise  the  input  summing 
junction. 

From  Steps  3  and  4  above  it  follows  that,  over  the  range  of  frequencies  of  the  electro-me¬ 
chanical  modes  (i.e.  1.5  to  15  rad/s),  the  product  of  the  washout  and  the  low-pass  filter 
transfer  functions  Gw(s)GLp{s)  should  be  close  to  1Z0°.  Under  these  conditions  the  PSS 
transfer  function  of  (5.14)  is  of  the  ideal  form 

Hpss(s)  =  kGc{s),  (5.15) 

where  k  is  the  desired  damping  torque  coefficient  (or  PSS  damping  gain),  and  Gc{s)  is  a 
compensating  transfer  function. 

From  an  examination  of  Figure  5.1  on  page  227  the  equation  for  the  torque  of  electromag¬ 
netic  origin  is,  in  (5.1), 

A P0(s)  =  A,Pj(s)  +  AP2(s)  +  AP^(s) ,  APm  =  0. 

The  action  of  the  speed-input  PSS  is  to  induce  a  torque  of  electromagnetic  origin  propor¬ 
tional  to  speed  on  the  shaft  of  the  generator  through  the  electro-magnetic  components  of 
torque  APi  and  A P2  ,  shown  in  Figure  5.7.  The  system  being  linear,  the  principle  of  super¬ 
position  can  be  employed  to  derive  expressions  for  each  of  the  torque  components  in  terms 
of  the  relevant  variables,  and  then  combine  them  appropriately. 
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Figure  5.7  Inclusion  of  a  speed-stabilized  PSS  in  the  SMIB  model. 


The  paths  in  the  Heffron  and  Phillips’  model  encompassed  by  transfer  function  AP9/A8 
are  shown  by  the  solid  line  in  Figure  5.8(a).  In  the  absence  of  perturbations  in  reference  volt¬ 
age  AVr  (or  stabilizing  signal  AFS)  the  latter  transfer  function  can  be  shown  by  block  dia¬ 
gram  manipulation  to  be: 


£ p_i 

'  A5 


AVr  =  0 


AS2K,T 

j  ex 


(K2K3)[K4(l+STex)+K5Kex] 

T'dO  +  s(TeX  +  K3T'do)  +  (l+K3K6Kex. 


(5.16) 


(a) 


(b) 


Figure  5.8 

(a)  (AiVAS)l 

\AVr  =  0 


Evaluation  of  transfer  functions, 

(b)  (AP2/AF;.)| 

lAco 


0 
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The  transfer  functions  (5.16)  and  ATj/AS  =  K j  can  be  combined  into  a  single  transfer 
function,  Hp§(s),  i.e. 


Vp5(s)= 


APg 

A5 


AT, 

=  *l+A^ 

AV=0  At =0 


(5.17) 


Let  us  now  examine  the  path  in  Figure  5.8(b)  from  the  voltage  reference  AF  to  the  torque 

1 

component  AT-, .  The  blocks  enclosed  by  the  dashed  line  form  the  transfer  function  : 


HpVr(S) 


A  P2 

w 


K2K,Kex 


*  K3 Te/'d0  +^ex  +  K3T'd0)  +  (l  +  K3K6Kex) 


Ato  =  0 

A  form  of  this  transfer  function  that  will  be  useful  later  is: 

k. 

Hpvr(s)  = 


1  +  CjS  +  C2s2 


(5.18) 


(5.19) 


It  has  been  emphasized  that  Figure  5.8(b)  and  (5.18)  represent  the  transfer  function  from 
the  voltage  reference  to  a  component  of  the  torque  of  electromagnetic  origin  for  no  pertur¬ 
bations  in  the  steady-state  rotation  of  the  rotor,  i.e.  Aro  =  A8  =  0  ;  this,  in  effect,  implies 
that  the  shaft  dynamics  are  disabled.  Importantly,  the  transfer  function  HpVr(s ) ,  which  is  cal¬ 
culated  with  the  shaft  dynamics  disabled,  will  be  referred  to  in  the  following  chapters  as  the 
T-  Vr  transfer  function  or  the  T-  Vr  characteristic  of  the  generator. 


A  useful  modified  form  of  Figure  5.7  is  represented  by  the  block  diagram  of  Figure  5.9.  The 
P-Vr  transfer  function  HpVr(s)  is  formed  as  (AT2/AFr)  I  ^  Q  or  (AP2/ AVS)  I  ^  Q . 

The  blocks  in  Figure  5.9  representing  the  dynamic  behaviour  of  the  shaft  are  shown  as 
J(s)  =  1  /(sM)  and  N(s)  =  a>0/s  .  Turbine  /  governor  action  can  be  included  -  if  desired 
-  in  the  block  Hqqy{s).  The  transfer  function  of  the  speed-PSS  is  represented  in  its  ideal 
form  as 

"pss^)  =  ^  =  kGfs).  (5.20) 

Observe  that  in  Figure  5.9  there  are  three  distinct  feedback  paths,  namely,  the  path  through 
the  PSS  and  the  transfer  function  HpVr(s),  the  path  through  the  rotor  angle,  and  the  path 
through  the  governor  and  turbine.  We  shall  find  the  formation  of  the  first  two  of  the  sepa¬ 
rate  paths  is  useful  and  revealing  in  the  analysis  of  both  single-  and  multi-machine  systems. 


1.  This  transfer  function  is  related  to  the  GEP(s)  function  as  explained  in  Section  6.4 
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Generator  and 
power  system 


Figure  5.9  Modified  form  of  Heffron  and  Phillips’  model  including  PSS  and  turbine/gov¬ 
ernor  transfer  functions.  (X  is  the  point  at  which  the  speed  path  is  opened  to  disable  the 

shaft  dynamics.) 


From  Figure  5.9  we  note  that  the  output  of  block  HpVr(s )  comprises  the  superposition  of 
two  components  AP2  =  HpVr[AVr  +  AKJ.  For  no  disturbances  at  the  reference  input, 

AP2  AT 

AP  2 1  =— 5-— "-A© 

Iaf,  =  o  AVs  A®  (5.21) 

=  HpVr(s)  ■  kGfs)  ■  Aco 

when  each  input-output  relation  is  replaced  by  its  transfer  function.  By  definition,  the  term 
Hpvr{s)  ■  kGfs)  in  (5.21)  is  a  damping  torque  coefficient  (see  Section  5.3).  It  is  clear  that  a 

torque  of  electromagnetic  origin  in  phase  with  speed  is  induced  by  the  PSS  if  this  coefficient 
is  set  to  the  scalar  PSS  damping  gain,  k,  i.e. 

Hpvfs)-kGc{s)  =  k,  (5.22) 

thus  Gfs)  =  l/Hpyfs).  (5.23) 

Note  that  Gfs)  is  chosen  to  compensate  for  the  transfer  function  H p  vfs ) .  Following  the 
substitution  of  (5.23)  in  (5.20),  the  basic  transfer  function  for  the  speed-PSS  becomes 

Hpsfs)  =  kGfs)  =  k/HpVr(s).  (5.24) 


Let  us  determine,  for  the  Heffron  and  Phillips’  model,  the  compensating  transfer  function 
to  be  implemented  by  the  PSS.  Substitution  of  (5.18)  in  (5.23)  yields: 

„  ,  ,  rM  +  *(r„  +  K3FJ0)  +  (i  +  fWe>) 

GM  )  ■ - ' - ¥S - ' 

In  an  alternative  form  this  compensating  transfer  function  can  be  expressed  as: 


(5.25) 
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Gc(s) 


(1  +^6Kex) 

Kex 


,  ,  Tex  +  K3T'dO  ,  2 


1  +*W« 


(5.26) 


As  has  now  been  established  for  the  single-machine  system,  we  will  find  that  in  the  multi¬ 
machine  case  the  compensation  provided  by  the  PSS  is  simply  the  inverse  of  the  P-Vr  trans¬ 
fer  function  HpVr(s );  it  will  form  the  basis  for  the  tuning  of  PSSs  in  the  following  sections 
and  chapters.  Note: 


We  are  proposing  to  cancel  the  set  of  poles  in  the  transfer  function  AP,/AK  of 

(5.18)  with  a  corresponding  set  of  zeros;  this  is  allowable  as  long  as  the  poles  of  (5.18) 
are  stable. 


•  The  transfer  function  Gc(s)  in  (5.25)  is  not  proper  (see  definition  in  Section  2.2), 
however,  this  is  remedied  later. 

The  basis  for  the  calculation  of  the  P-Vr  transfer  function  can  be  established  from  Figure  5.9 
with  the  PSS  and  governor  blocks  removed  from  the  diagram.  The  torque  of  electromagnet¬ 
ic  origin  is  A P2  _  y+  A .  If,  in  the  figure,  the  speed  output  from  the  block  J(s)  is  opened 

at  X  then  the  speed  signal  -  and  thus  the  shaft  dynamics  -  are  disabled  (Ago  =  A5  =  0 ).  Un¬ 
der  this  condition  the  output  of  the  block  Hp^(s),  A ,  is  zero  and  thus  the  P-Vr  transfer 

function  can  be  calculated  directly  from  the  transfer  function  (A Pn  _  y/A  V  )  I 

lAco  =  o 


The  inherent  damping  and  synchronizing  torques  of  the  generator  are  supplied  through  the 
block  Hp5(s).  As  was  revealed  in  Example  5.1,  Section  5.5.1,  the  inherent  damping  torques 
may  augment  or  degrade  the  damping  torque  induced  by  the  PSS  over  the  frequency  range 
of  the  rotor  modes  of  interest. 

For  this  simple  SMIB  system,  with  a  third-order  model  of  the  machine,  the  compensating 
transfer  function  Gfs )  of  the  PSS  can  be  calculated  directly  from  (5.26)  for  a  given  operat¬ 
ing  condition.  We  shall  see  in  Chapter  10  for  higher-order  generator  models  and  multi-ma¬ 
chine  systems  that  such  a  direct  closed-form  calculation  is  not  practical  and  alternative 
methods  will  be  employed  for  determining  the  P-Vr  characteristic  and  the  associated  com¬ 
pensating  transfer  function  Gc(s).  However,  for  present  purposes,  the  P-Vr  transfer  func¬ 
tion  is  calculated  directly  from  (5.18);  this  is  illustrated  in  the  following  example. 

5.8.2  The  nature  of  the  P-Vr  characteristic 

In  a  theoretical  analysis  [10]  it  is  shown  that  the  P-Vr  transfer  function  of  a  machine  consists 
of  two  components.  The  first  component  depends  on  the  parameters  of  the  generator  and 
its  AVR/ exciter  and  is  independent  of  the  external  system.  On  the  other  hand,  the  second 
component  depends  on  both  the  parameters  of  the  generator  and  the  dynamics  of  all  other 
generators  in  the  system;  however,  this  second  term  is  dominated  by  the  Thevenin  equiva- 
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lent  impedance  seen  from  the  terminals  of  the  generator  looking  into  the  rest  of  the  system. 
This  result  provides  a  theoretical  basis  for  the  observation  in  [5]  that  the  P-Vr  transfer  func¬ 
tion  is  relatively  robust  to  changes  in  the  system  operating  conditions.  Typically  the  frequen¬ 
cy  response  of  the  P-Vr  transfer  function  for  both  the  gain  (for  real  power  outputs  greater 
than  0.7  pu)  and  the  phase  shift  -  in  particular  -  do  not  vary  appreciably  over  a  wide  range 
of  operating  conditions  and  system  configurations.  Consequently,  PSSs  designed  based  on 
the  synthesized  P-Vr  transfer  function  are  also  robust  over  a  wide  range  of  operating  con¬ 
ditions. 

It  must  be  emphasized  for  future  reference:  The  PSS  must  he  tuned  to  be  robust 1  to  a  full  range 
of  N  and  N-l  operating  conditions.  For  this  purpose  it  is  necessary  to  select  a  set  of  operating 
conditions  which  encompass,  and  therefore  include,  the  range  of  conditions.  Be  examining  the 
bordering  conditions  this  approach  reduces  the  number  of  cases  for  which  the  P-  Vr  character¬ 
istics  must  be  evaluated. 

5.8.3  Example  5.2:  Evaluate  the  P-Vr  characteristics  of  the  generator  and  deter¬ 
mine  the  PSS  compensating  transfer  function. 

The  P-Vr  characteristics  for  the  generator  in  the  SMIB  system  of  Example  5.1  are  to  be  cal¬ 
culated  using  the  P-Vr  transfer  function  (5.18)  when  the  real  power  output  is  P  =  0.9  pu  and 
the  reactive  power  outputs  are  Q  —  -0.2,  0.0,  0.2  and  0.4  pu.  The  P-Vr  frequency  response 
plots  are  calculated  using  the  machine  and  system  parameters  listed  in  Example  5.1,  together 
with  the  V-constants  found  in  Table  5.1  on  page  234. 

The  P-Vr  frequency  response  plots  which  are  shown  in  Figure  5.10  cover  the  range  of  modal 
frequencies  of  7.9  to  9.3  rad/ s  for  the  four  operating  conditions,  Cases  A  to  D. 

Based  on  a  mid-range  modal  frequency  of  8.7  rad/ s  2 3  the  phase  of  the  P-Vr  characteristics 
are,  from  Figure  5.10,  -58.9  °,  -47.7°  ,  -41.3  °  and  -37.5  °  for  values  of  Q  —  -0.2,  0,  0.2  and 
0.4  pu,  respectively.  We  will  select  the  P-Vr  characteristic  for  Case  B,  Q  =  0,  as  its  phase  of 
-47.7°  lies  close  to  the  middle  of  the  band  of  characteristics  at  the  modal  frequency,  assum¬ 
ing  for  the  present  that  the  PSS  is  to  be  tuned  for  a  real  power  output  of  P  —  0.9  pu.  This 
means  the  phase  of  the  characteristic  for  any  other  value  of  Q,  -0.2  <  Q  <  0.4  ,  will  be  within 
about  1 1  °  of  that  of  the  selected  P-Vr  characteristic.  We  shall  find  later,  for  a  range  of  more 

practical  operating  conditions,  the  latter  phase  variation  is  typically  within  ±5°  to  ±10°  of 

-2 

the  selected  characteristic  . 


1.  See  item  3  of  Section  1.2 

2.  This  is  the  frequency  of  the  unstable  rotor  mode  for  P  =  0.9,  Q  —  0. 

3.  A  wider  spread  exceeding  ±10°  may  not  be  unusual  depending  on  the  generator  param¬ 
eters  and  if  the  range  of  leading  and  lagging  power  outputs  of  the  machine  is  wide.  The 
rated  reactive  power  range  of  the  generator  may  be  wide  but  not  necessarily  achievable 
due  to  voltage  constraints,  transformer  tap  ranges,  etc. 
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Frequency  (rad/s) 

A:  Q=-0 . 2  -  B:  Q=  0.0 

C:  Q=  0.2  —  —  D :  Q=  0 . 4 


Figure  5.10  P-Vr  characteristics  of  SMIB  System  for  P  =  0.9,  Q  =  -0.2,  0.0, 0.2  and  0.4  pu. 

The  steady-state  or  static  gain  of  the  P-Vr  transfer  function  is,  from  (5.18), 
K2Kt}K£X/ ( 1  +  K2K6Kex) .  The  static  gain  range  is  within  ±4.5  dB  of  the  gain  of  the  P-Vr 
characteristic  for  Case  B,  Q  —  0.  Later,  in  Chapter  10  for  the  multi-machine  system,  we  shall 
find  that  over  the  range  of  operating  conditions  the  gain  variation  is  typically  within  ±3  dB 
of  the  selected  characteristic.  However,  in  this  example  the  range  of  reactive  power  outputs 
in  Cases  A  and  D  may  be  considered  to  represent  the  more  extreme  conditions  and  may  be 
weighted  accordingly.  We  shall  refer  to  a  selected  or  representative  P-Vr  characteristic  such 
as  Case  B  as  the  “Design  Case”. 

We  have  now  determined  the  P-Vr  characteristic  for  which  the  compensating  transfer  func¬ 
tion  of  the  PSS  is  to  be  evaluated.  Substitution  in  (5.26)  of  the  relevant  parameters  given  in 
Example  5.1,  together  with  the  V-constants  for  Q  —  0  from  Table  5.1  on  page  234,  yields  the 
compensating  transfer  function: 

Gc(s)  =  0.20263(1  +s0. 10638  +  s20. 0021058) .  (5.27) 

As  noted  earlier  the  above  transfer  function  is  not  proper;  this  will  be  remedied  in 
Section  5.8.6.  It  has  also  been  noted  that  the  required  form  of  the  PSS  transfer  function  is 
kGc(s).  We  will  now  determine  the  damping  gain  k. 
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5.8.4  Determination  of  the  damping  gain  k  of  the  PSS 

The  determination  of  the  damping  gain  k  is  the  second  step  in  the  PSS  tuning  procedure 
outlined  in  Section  5.8. 

In  Section  5.4  and  in  the  associated  Figure  5.4  it  is  shown  that  an  ideal  PSS  introduced  a 
damping  torque  of  electro-magnetic  origin  proportional  to  speed,  A Pd  =  k  Ae> ,  where  k  is 

both  a  damping  torque  coefficient  and  the  damping  gain  of  the  ideal  PSS.  Likewise,  we  find 
from  consideration  both  of  the  loop  through  the  PSS  in  Figure  5.9  and  of  equations  (5.21) 
-  (5.23)  that  a  torque  proportional  to  speed  is  produced,  i.e. 

AP2-f|af  _q  =  hpss^  '  HPVr(s)Aco  =  kGc^ '  (1/Gc(.s))  •  Aro  =  kAa.  (5.28) 
The  damping  gain  k  of  the  PSS  should  be  large  enough  to: 

•  swamp  any  inherent  negative  damping  torques  over  the  range  of  rotor  modes  for  the 
range  of  operating  conditions, 

•  ensure  that  the  most  lightly-damped  rotor  mode  satisfies  the  criteria  for  system  damp¬ 
ing. 

As  pointed  out  earlier,  a  damping  gain  of  20  to  30  pu  on  machine  rating  is  considered  to  be 
a  moderate  gain. 

5.8.5  Example  5.3.  Calculation  of  the  damping  gain  setting  for  the  PSS 

For  illustrative  purposes  it  will  be  assumed  that,  for  the  most  poorly  damped  rotor  mode, 
the  damping  performance  criterion  as  represented  by  its  2%  settling  time  should  be  better 
than  8  s;  this  implies  that  the  real  part  of  the  rotor  mode  should  be  more  negative  than 
-a  =  -4/8  =  -0.5  Np/s  (see  Section  2. 8.2.1) 

According  to  Table  5.1  on  page  234,  without  a  PSS  the  most  poorly  damped  mode  is  that 
for  the  operating  condition  P  =  0.9,  Q  —  -0.2,  i.e.  1.146  ± y'9.23  .  To  achieve  the  specified 
damping  target  of  -0.5  Np/s  the  PSS  must  cause  a  left  shift  in  the  mode  of  at  least 
-Aa  =  -0.5-  1.146  =  -1.646  Np/s.  From  Section  5.4  and  (5.12)  we  note,  for  a  rough 
guide,  that  for  the  very  simplified  model  of  the  SM1B  system  the  left-shift  (Aa)  in  the  mode 
associated  with  a  damping  gain  kd  is  Aa=  kd/  ( AH) .  For  an  inertia  constant  H  =  3  the  value 
of  kd  required  to  achieve  the  specified  left  shift  is  kd  =  4//Aa  =  4  x  3  x  1.646  =  19.75  pu. 
Thus,  we  anticipate  that  a  moderate  PSS  damping  gain  of  k  =  20  pu  will  achieve  the  spec¬ 
ified  damping  performance.  Moreover,  the  value  for  the  damping  gain  of  20  pu  will  swamp 
the  inherent  damping  torque  coefficient  of  -16.9  pu  for  Q  =  -0.2  pu. 
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5.8.6  Washout  and  low-pass  filters 

5. 8. 6. 1  The  washout  filter 

The  selection  of  parameters  of  the  washout  filter  is  the  third  step  listed  in  the  PSS  tuning 
procedure  in  Section  5.8. 

A  washout  filter  is  incorporated  in  the  PSS  to  ensure  that  steady-state  or  slow  changes  in 
system  frequency  -  and  thus  shaft  speed  -  do  not  offset,  in  the  steady  state,  the  terminal  volt¬ 
age  of  the  generator  from  its  reference  value.  The  transfer  function  of  the  washout  filter  is 
of  the  form: 


(5.29) 


«  =J®f 


The  frequency  response  of  the  filter  is  shown  in  Figure  5.11(a).  Note  from  (5.29)  that  as 
try — >  0  ,  G^O'cOy)  — »  0  ,  i.e.  steady-state  offsets  or  d.c.  signal  levels  are  blocked.  Signals  be¬ 
low  the  corner  frequency  1  /Tw  are  attenuated,  and  the  phase  shift  introduced  by  the  filter 
tends  to  90°  as  ccy— >  0.  For  frequencies  much  greater  than  the  corner,  — >  1Z0  ,  i.e. 

unity  gain.  A  basis  for  the  selection  of  the  washout  time  constant  Tw  is  to  place  its  corner 
frequency  (i.e.  1  /Tw  rad/ s)  about  a  decade  below  the  lowest  frequency  of  the  rotor  modes 

of  oscillation,  normally  an  inter-area  mode.  At  a  frequency  a  decade  above  the  corner  fre¬ 
quency  the  phase  lead  introduced  by  the  washout  filter  is  about  5°,  i.e.  almost  negligible  for 
tuning  purposes.  In  particular,  this  basis  for  the  selection  of  the  washout  time  constant  mit¬ 
igates  against  any  excessive  phase  lead  at  low  inter-area  modal  frequencies. 

Two  washout  filters  in  cascade  are  often  employed  in  practice  to  block  slow  ramp-like 
changes  in  system  frequency  that  occur  in  system  operation.  The  washout  filter  will  be  dis¬ 
cussed  more  fully  in  Chapter  8. 

5. 8. 6. 2  The  low-pass  filter 

The  selection  of  the  parameters  of  the  low-pass  filter  is  the  fourth  step  in  the  PSS  tuning 
procedure  of  Section  5.8. 

Low-pass  filters  are  added  to  attenuate  high-frequency  signals  that  would  otherwise  be  am¬ 
plified  by  the  PSS,  and  to  ensure  that  the  PSS  transfer  function  is  proper.  Attenuation  of 
shaft  torsional  mode  components  is  typically  accomplished  by  specialized  filtering  of  the 
speed  input  signal.  The  simplest  form  of  the  filter  is 


(5.30) 


The  corner  frequencies  associated  with  the  time  constants  7/,  T2,  ...  are  usually  placed  a 
decade  above  the  highest  frequency  of  the  rotor  modes  of  oscillation,  normally  a  local  area 
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or  an  inter-machine  mode  of  oscillation.  The  order  p  of  the  filter  is  selected  to  provide  ad¬ 
equate  high-frequency  attenuation  and  /  or  to  ensure  a  proper  PSS  transfer  function.  The 
frequency  response  plot  of  a  second-order  low-pass  filter  Glp(s )  =  l/(l+s/coc)1 2  is 
shown  in  Figure  5.1 1(b). 


(a)  Frequency  (rad/s) 


0  12 
10  10  10  10 


0  12 
10  10  10  10 


3 


3 


(b) 


Frequency  (rad/s) 


Figure  5.11  Frequency  response  of  (a)  a  first-order  washout  filter  and  (b)  a  second-order 
low-pass  filter.  The  corner  frequencies  are  normalized  to  1  and  10  rad/s,  respectively.  For 
another  corner  frequency,  coc  rad/s,  scale  frequency  axes  to  roc  or  ro^/lO  . 


Assume  that  the  two  corner  frequencies  of  the  second-order  low-pass  filter  are  set  to  200 
rad/s  Based  on  Figure  5.11,  a  decade  below  the  corner,  i.e.  at  20  rad/s,  the  phase  lag  is 
11.4° .  Ideally,  for  tuning  purposes  the  phase  lags  due  to  the  low-pass  corners  should  be 
small  to  negligible  over  the  range  of  the  modes  of  rotor  oscillation,  typically  1.5  to  15  rad/ 
s.  Of  course,  in  a  specific  application  the  relevant  modal  frequency  range  might  be  much 
less.  Often,  in  practice,  the  maximum  corner  frequency  of  the  low-pass  filters  may  be  limited 
by  the  PSS  manufacturer  to  values  in  the  range  from  about  20  to  50  rad/ s. 

Note  that  torsional  modes  may  not  be  insignificant  and  must  be  attenuated.  The  frequencies 
of  these  modes  may  be  as  low  as  8  Hz  (50  rad/ s).  For  example,  if  40  dB  attenuation  at  50 
rad/ s  is  required,  the  corner  frequency  of  a  second-order  filter  is  5  rad / s.  Such  a  filter  intro¬ 
duces  a  phase  lag  of  90°  at  5  rad / s  -  possibly  in  the  mid-range  of  modal  frequencies;  more- 


1.  For  the  purposes  of  this  study  the  comer  frequencies  of  200  rad/ s  are  chosen  so  that  the 

effects  of  the  low-pass  filter  over  the  modal  frequency  range  are  minimal. 
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over,  the  damping  gain  of  the  PSS  amplifies  the  torsional  modes  if  insufficiently  attenuated. 
This  conflict  between  the  requirements  of  the  PSS  design  and  attenuation  of  the  torsional 
frequencies  is  overcome  either  by  the  adoption  of  specialized  filtering  of  the  PSS  speed-in- 

put  signal  or  by  using  alternative  PSS  structures  such  as  the  ‘integral-of- accelerating-power’ 
PSS;  this  is  discussed  in  more  detail  in  Chapter  8. 

5.9  Implementation  of  the  PSS  in  a  SMIB  System 

The  implementation  of  the  PSS  design,  assessment  of  its  performance,  and  confirmation  of 
the  validity  of  the  design  is  the  fifth  step  listed  in  the  PSS  tuning  procedure  of  Section  5.8. 

5.9.1  The  transfer  function  of  the  PSS 

In  summary,  it  has  been  noted  that  the  following  are  among  the  requirements  for  the  imple¬ 
mentation  of  a  practical  PSS: 

•  A  washout  filter  (5.29)  is  required  to  eliminate  the  offset  resulting  from  the  steady- 
state  level  of  the  input  signal  to  the  PSS.  Its  response  to  frequencies  in  the  range  asso¬ 
ciated  with  rotor  modes  should  ideally  be  1Z0°. 

•  The  elemental  PSS  transfer  function  in  (5.26)  is  not  proper;  the  selection  of  a  low-pass 
filter  (5.30)  of  an  appropriate  order  can  overcome  this  deficiency.  The  response  of  the 
filter  to  frequencies  in  the  range  associated  with  rotor  modes  should  ideally  be  1Z0°. 

•  The  PSS  must  not  excite  the  torsional  modes  of  the  rotors  of  the  generator  -  prime- 
mover  system.  Depending  on  the  magnitude  and  frequency  of  the  torsional  modes  the 
higher-order  low-pass  filter  having  an  order  2  or  greater  may  serve  this  purpose  - 
though  separate  specialized  filtering  of  the  PSS  speed-input  signal  may  be  required. 

•  The  damping  gain  setting  k  (pu  on  generator  rating)  is  selected  to  have  a  moderate 
value  20  -  30  pu  and  /  or  to  satisfy  the  criterion  for  system  damping  performance  - 
though  very  high  damping  gain  settings  should  be  avoided. 

The  practical  form  of  the  PSS  should  include  or  account  for  the  above  set  of  requirements 
over  the  range  of  modal  frequencies.  Two  general  forms  of  the  speed-PSS,  kG(s ) ,  which 
includes  the  washout  and  low-pass  filters,  therefore  become 

Hpss(s)  =  kG(s)  =  k( ■  G^s)  ■  GLP{s) ,  (5.31) 

Kn pvAs Y 

or  Hpss(s)  =  kG(s)  =  kGc{s )  •  G^s)  ■  GLP{s ) ,  (5.32) 

where  the  filter  transfer  functions  are  given  by  (5.29)  and  (5.30),  respectively. 


1.  ‘Notch  filters’  are  used  for  the  same  purpose  [9]. 
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The  compensating  transfer  function  Gc(s )  of  the  speed-PSS  (5.26)  is  of  the  form: 

1  +  c,s  +  c7s2 

GJs)  =  - •  (5.33) 

Substitution  of  the  latter  equation  and  the  filter  transfer  functions  in  (5.32)  yields  an  equa¬ 
tion  containing  all  the  relevant  parameters  for  the  practical  PSS  for  this  single  machine  case, 

i.e. 


Hpss(s)  =  kG(s)  =  k  ■ 


sTw 

1  +  sTw 


1 


1  +  CjS  +  C2S2 

(1  +sri)(l  +sr2) ' 


(5.34) 


It  is  important  to  note  that,  in  the  context  of  (5.34),  the  gain  k  has  been  referred  to  as  the 
‘damping  gain’  of  the  PSS.  If  the  washout  filter  is  ignored,  the  ‘DC’  gain  of  the  PSS  is  k/ kc ; 

conventionally  this  is  referred  to  as  the  PSS  Gain  ’.  The  choice  of  the  parameters  and  the  im¬ 
plementation  of  the  practical  PSS  is  now  examined. 


5.9.2  Example  5.4.  The  dynamic  performance  of  the  speed-PSS 

In  Examples  5.1  to  5.3  a  SMIB  system  has  been  analysed  for  the  operating  conditions 
P  =  0.9  pu,  Q  =  -0.2,  0.0,  0.2  and  0.4  pu.  The  single  rotor  mode  of  oscillation  to  which  the 
criterion  for  damping  must  be  applied  is  given  in  Table  5.1;  these  modes  lie  in  the  range  7.9 
to  9.3  rad/ s  and  all  are  unstable.  The  components  of  the  tuning  procedure  will  be  now  be 
reviewed. 


The  PSS  compensating  transfer  function.  This  was  evaluated  in  Example  5.2.  Because  the 
PSS  is  a  fixed  parameter  device,  i.e.  its  parameters  are  not  changed  with  changes  in  operating 
conditions,  the  compensating  transfer  function  is  based  on  a  P-Vr  characteristic  that  best 
represented  the  phase  responses  of  the  characteristics  over  the  set  of  operating  conditions. 
The  appropriate  P-Vr  characteristic  was  shown  to  be  that  for  the  operating  condition 
P  =  0.9,  Q  —  0  (Case  B);  the  associated  compensating  transfer  function  is  given  by  (5.27),  i.e. 
Gc(s)  =  (1  +s0.10638  +s20.0021058)/4.935. 

The  washout  filter.  The  corner  frequency  of  the  filter  is  placed  a  decade  or  more  below  the 
lowest  rotor  modal  frequency,  7.9  rad/ s.  For  a  washout  time  constant  of  Tw  =  5  s  the  filter’s 
corner  frequency  is  0.2  rad/ s,  a  value  that  satisfies  the  latter  requirement.  The  frequency  re¬ 
sponse  of  this  washout  filter  is  shown  in  Figure  5.1 1  (a).  (Note  that  a  washout  time-constant 
of  5  s  will  ensure  that  the  PSS  contributes  a  pure  damping  torque  at  a  frequency  of  about 
10/5  =  2  rad/s.) 

The  low-pass  filter.  The  corner  frequency  of  the  filter  should  ideally  be  a  decade  or  more 
above  the  highest  rotor  modal  frequency,  9.3  rad/s.  The  selection  of  a  second-order  filter 
with  corners  at  200  rad/ s  results  in  a  small  phase  lag  of  5°  at  9.3  rad/ s;  this  selection  ensures 
that  the  PSS  transfer  function  is  proper. 
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(If  connected  to  multi-machine  system,  and  if  modal  frequencies  other  than  that  at  9  rad/ s 
and  other  issues  are  not  of  concern,  the  washout  and  low-pass  filter  time  constants  could  be 
modified  to  2  and  0.01  s,  say.) 


The  PSS  transfer  function.  On  insertion  into  (5.34)  of  the  parameters  determined  above,  to¬ 
gether  with  the  damping  gain  of  k  =  20  pu  on  machine  rating,  the  practical  PSS  transfer 
function  becomes 


s5  1  (1  +S0.1064  +  ^20.002106) 

pss[S)  °  '  1  +s5  ‘  4.935  '  (1  +  s0.005)(l  +  s0.005) 


(5.35) 


A  plot  of  the  PSS  transfer  function  is  shown  in  Figure  5.12  in  which  the  following  features 
are  observed,  (i)  Below  the  range  of  modal  frequencies,  1-15  rad/s,  the  washout  filter  be¬ 
comes  effective,  (ii)  Over  the  range  of  modal  frequencies  the  responses  are  the  mirror  image 
of  those  of  the  P-Vr  characteristic  for  Design  Case  B,  Figure  5.10.  The  phase  lag  of  ~  45° 
in  the  P-Vr  characteristic  at  the  modal  frequency  of  8-9  rad/ s  is  cancelled  by  the  phase  lead 
introduced  by  the  PSS.  (iii)  Over  the  range  of  modal  frequencies  the  PSS  gain  is  close  to 
20/ 4.935  ,  or  12.2  dB.  (iv)  Above  the  modal  frequency  range  the  second-order  low-pass  fil¬ 
ter  becomes  effective.  As  mentioned  earlier,  to  reduce  the  high  frequency  gain  the  corner 
frequencies  of  the  low-pass  filter  should  be  reduced. 


-10  12 

10  10  10  10 

Frequency  (rad/s) 

Figure  5.12  Frequency  response  plot  of  PSS  transfer  function,  (5.35).  Over  the  modal 
frequency  range  the  responses  are  the  mirror  image  of  those  of  the  P-Vr  characteristic  for 

Design  Case  B 
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Note  that  in  the  transfer  function  of  the  compensation  in  (5.35),  i.e. 

1  (1+^0,1064  +  ^0.002106) 

Hc(S)  4.935'  (1  +  s0.005)(l  +  s0.005)  ’ 

(i)  the  zeros  are  real  and  lie  at  -12.5  and  -38.0,  and  (ii)  the  low-pass  filter  time  constants  (5 
ms)  may  be  too  short  to  implement  in  a  PSS  in  practice  1 .  However,  the  5  ms  time  constants 
are  retained  in  the  present  analysis  so  that  their  effect  over  the  range  of  modal  frequencies, 
1.5-15  rad/s  (—0.25  -  2.5  Hz),  is  minimal. 

The  rotor  modes  of  the  SMIB  system  with  the  PSS  in  service  can  now  be  calculated  assum¬ 
ing  that  the  SMIB  and  PSS  parameters  are  those  provided  in  Example  5.1  and  (5.35).  The 
resulting  rotor  modes  and  the  associated  shifts  in  the  modes  for  the  selected  operating  con¬ 
ditions  are  listed  in  Table  5.2;  the  same  information  is  displayed  in  Figure  5.13  on  page  252. 

Table  5.2  Effect  on  rotor  modes  with  PSS  in  service  (P  =  0.9  pu),  k  =  20  pu. 


Case  / 
Qpu 

Eigenvalues,  rotor  mode 

Mode  shift 

with  PSS  out  of 

service 

with  PSS 

in  service 

A  /  -0.2 

1.148  ± y'9.23 

-0.684  +7'9.54 

-  1.832+70.305 

B  /  0.0 

0.514  ± 78. 70 

-  1.072  +78.67 

-  1.586-70.025 

C/  0.2 

0.267  ±y8.25 

-  1.008  +78.O8 

-  1.275 -70. 166 

D/  0.4 

0.198  ±77.94 

-0.836+77.75 

-  1.034 -70. 193 

The  table  reveals  that,  with  the  PSS  in  service,  the  2%  settling  time  of  the  rotor  mode  for  all 
operating  conditions  is  shorter  than  the  criterion  of  8  s,  i.e.  all  modes  are  better  damped  than 
a  mode  with  a  real  part  of  -0.5  Np/ s.  The  PSS  design  therefore  satisfies  this  performance 
specification. 

Note  that  the  left-shift  in  modes  varies  over  a  range  of  generator  reactive  output.  The  rea¬ 
sons  for  this  and  the  variations  in  modal  frequencies  are  now  examined. 

5.9.3  Analysis  of  the  variation  in  the  mode  shifts  over  the  range  of  operating  con¬ 
ditions 

Upon  an  examination  of  Table  5.2  and  Figure  5.13  the  following  questions  arise:  Why  does 
the  extent  of  the  left  shift  of  the  modes  increase  as  the  reactive  power  output  of  the  gener¬ 
ator  changes  from  0.4  lagging  to  0.2  leading?  Bearing  in  mind  that  the  PSS  tuning  is  based 
on  the  Design  Case  B  (P  =  0.9,  Q  —  0  pu),  why  does  the  modal  frequency  increase  when  the 
reactive  power  output  decreases  from  that  for  the  Case  B,  and  decrease  as  the  reactive  out- 


1.  The  realization  of  an  alternative  transfer  function  to  overcome  both  this  and  the  high 
gain  at  higher  frequencies  is  considered  in  an  example  in  Section  5.12. 
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put  increases  from  that  for  the  design  case?  The  following  addresses  these  and  some  other 
questions. 


Real  Part  (Np/s) 

A  Q=-0 . 2 ,  B  Q=0.0,  C  Q=0.2,  D  Q=0 . 4 


Figure  5.13  Rotor  modes  of  oscillation  for  the  PSS  in  and  out  of  service  for  operating 
conditions  P  =  0.9  pu:  Q  =  -0.2  (A),  0  (B),  0.2  (C)  and  0.4  (D)  pu;  damping  gain  k  =  20  pu. 

In  Example  5.3  of  Section  5.8.5  it  was  pointed  out  that,  for  the  very  simplified  SMIB  system 
of  Figure  5.4,  an  estimate  of  the  left-shifts  of  the  rotor  modes  due  to  the  action  of  the  ideal 
PSS  is  a=  kd/ (4 H)  =  1.667.  Because  the  left-shifts  of  the  rotor  modes  in  Table  5.2  differ 
significantly  from  the  latter  value,  let  us  investigate  the  reasons  for  these  discrepancies. 

For  a  SMIB  system  it  will  be  shown  in  Chapter  13  that,  due  to  an  increment  in  the  damping 
gain  A k  of  the  PSS,  the  shift  in  the  complex  rotor  mode  is  given  by 

p(A, ) 

Ah=  —fif  ■  HPvAh)  ■  (5-36) 

where  p(A/;)  is  the  complex  participation  factor  of  the  generator’s  speed  state  in  the  mode 
Xh ,  evaluated  with  the  PSS  in  service  with  the  damping-gain  setting,  k  =  kQ.  [Equation  (5.36) 
is  derived  from  (13.8)].  The  left-shift  in  mode  h  is  — fR { AA ^ }.  Ideally,  the  compensating 
transfer  function  of  the  PSS  is  given  by  (5.23),  i.e.  Gc(Pq?)  =  1  /HpVr{'kh) ,  thus  (5.36)  be¬ 
comes 

(5-37 ) 

If  the  participation  factor  p(A,  A  of  the  generator  is  complex,  the  mode  shift 
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,=  -[pr{Xh)+jPi{Xh)]Ak/{2H),  (5.38) 

is  complex.  However,  for  cases  in  which  the  participation  of  the  generator  is  relatively  high 
the  participation  factor  p (Xh)  is  real  or  almost  real,  the  mode  shift  AXh  is  directly  to  the  left 

in  the  complex  r-plane  ,  this  left-shift  is  a  prime  aim  of  stabilization  using  PSSs. 

Note  that  equations  (5.23),  (5.36)  and  (5.37)  strictly  apply  at  the  complex  rotor  mode 
Xf]  =  ah  ±  j oo /2 .  However,  because  the  modes  are  relatively  lightly  damped,  with  damping 
ratios  typically  less  than  0. 1 5  to  0.20,  it  is  assumed  that  conventional  frequency  response  anal¬ 
ysis  can  be  applied  with  s  =  X,  a  j  .  The  affect  of  this  assumption  will  be  assessed  below. 


Strictly,  equation  (5.37)  applies  only  to  the  case  when  the  compensating  transfer  function 
Gc(s)  is  based  on  the  P-Vr  characteristic  for  the  operating  condition  selected  to  be  the  De¬ 
sign  Case,  i.e.  P  =  0.90,  Q  —  0  as  determined  in  Example  5.2.  However,  it  is  illustrative  to 
examine  the  effect  on  the  mode  shift  of  employing  the  P-Vr  characteristic  at  some  other  op¬ 
erating  condition  p  than  that  for  the  Design  Case,  and  attempt  to  account  for  the  contribu¬ 
tions  to  any  differences  in  the  respective  mode  shifts.  For  the  Design  Case  let 
Gco(s)  =  Gc(s).  The  P-Vr  characteristic  at  operating  condition p  is  given  by, 


H 


PVrp 


(•?) 


cp 


1  +  C,  +  C 


1 PJ 


V 


(5.39) 


Substituting  for  Gco(s )  and  HpVrp{s)  from  (5.33)  and  (5.39),  respectively,  in  (5.36)  the 
mode  shift  for  operating  condition p  is: 


A%= 


"  P„(s) 

kcp 

(l+clos  +  c2os2) 

2  H 

s  =  V 

(1  +Clps  +  c2ps2) 

kco 

•  Gfy(s)  ■  Glp(s)  ■  Ak,  (5.40) 


where  subscript  ‘o  ’  refers  to  the  coefficients  in  the  compensating  transfer  function  which  is 
implemented  in  the  PSS.  In  Section  3.10  it  is  shown  that  the  participation  factor  is  a  function 
of  the  eigenvectors  and  thus  it  must  be  calculated  for  the  mode  hhp  =  CLhp±  j a>hp  .  The  oth¬ 
er  terms  in  (5.40)  will  be  calculated  for  s  =  Xhp  and  for  the  frequency  s  ~  j(0!tp.  The  expres¬ 
sion  for  the  mode  shift  in  (5.40)  reduces  to: 

k-Kfilt  Z{m°  +  ®p(Xhp)  +  $p(s)-b0(s)  +  t>filt(s)},  (5.41) 


AX 


hp  ' 


2  H 


where  the  gains  K0,  Kp  and  the  phase  shifts  4>0  ,  4>p  are  calculated  from  the  P-Vr  character¬ 
istics  (5.18);  is  the  phase  angle  of  the  participation  factor  at  Xhp .  The  gain  and  phase 
contributed  by  the  combination  of  the  washout  and  low-pass  filters  are  Kjpt  and  kpu  ■ 


1.  For  this  case  of  a  single  rotor  mode  p(T^)«0.5  in  (5.37). 
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Based  on  (5.41),  for  the  modal  frequency  s  =  Xh  and  the  frequency  s  =  ja>h  ,  we  can  cal¬ 
culate  and  account  for  all  contributions  to  the  mode  shift  and  provide  an  estimation  of  that 
shift.  This  then  allows  us  to: 

•  compare  the  estimated  value  with  the  actual  mode  shift  (which  employs  the  complex 
modal  frequency  Xh); 

•  examine  the  contributions  to  the  mode  shift  for  operating  conditions  other  than  the 
condition  used  as  basis  for  tuning  purposes,  and  hence 

•  gain  an  understanding  of  the  nature  of  the  complex  mode  shifts  observed  in 
Figure  5.13  in  terms  of  the  P-Vr  characteristics  for  the  various  operating  conditions 
versus  the  condition  used  as  the  basis  for  tuning  purposes. 

For  each  operating  condition  in  Table  5.3  the  estimated  mode  shifts  evaluated  from  (5.41) 
and  their  components  using  s  =  Xh  are  compared  to  those  shifts  which  are  calculated  with 
s  =  j(0hp.  The  operating  conditions  and  closed-loop  rotor  modes  are  those  listed  in 
Table  5.2.  In  columns  4  to  10,  Table  5.3,  are  incorporated  the  components  or  elements  that 
determine  not  only  the  nature  and  extent  of  the  left-shift  but  also  the  change  in  the  modal 
frequency  due  to  the  action  of  the  PSS.  Note,  however,  the  incremental  gain  Ak  in  (5.41) 
assumes  a  value  of  20  pu  based  on  the  damping  gain  setting,  kQ  =  0  (because  the  PSS  is  ini¬ 
tially  out  of  service).  The  significance  of  using  what  may  be  considered  to  be  large  value  of 
incremental  gain  and  its  effect  on  the  participation  factor  is  discussed  below. 

From  Table  5.3  the  following  are  preliminary  insights  into  the  PSS  design  are  derived: 

1 .  For  this  example  and  for  the  operating  condition  p,  the  estimated  left-shifts  in  col¬ 
umn  1 0  based  on  P-Vr  characteristic  for  p  agree  within  one  percent  for  two  methods 
of  calculation,  s  =  kh  and  s  =  j(oh  .  For  tuning  purposes  the  use  of  the  conven¬ 
tional  frequency  response  method  in  the  analysis  does  not  lead  to  significant  errors. 
For  damping  ratios  of  the  rotor  modes  exceeding  0.15  to  0.2  the  accuracy  of  the  cal¬ 
culation  may  decrease  significantly  and  should  be  verified. 

2.  Consider  in  Figure  5.13  and  Table  5.2  a  selected  operating  condition  -  say  Case  C  - 
with  the  PSS  off;  the  mode  for  this  condition  is  0.267  ±  j 8.25  .  When  the  PSS  is  in 
service  with  a  damping  gain  of  20  pu  the  mode  is  shifted  by  -  1.275  —jO.  166  to 
-  1.008  +  j 8.08  .  With  a  small  imaginary  component  in  the  mode  shift,  the  compensat¬ 
ing  transfer  function  G  (kf)  has  effected  a  more-or-less  pure  left  shift  of  the  mode  while 
the  damping  gain  has  determined  the  extent  of  the  shift.  For  the  selected  operating  con¬ 
dition  the  components  in  columns  3  to  9  in  Table  5.3  which  contribute  to  the  mode 
shift  do  not  alter  significantly  as  the  damping  gain  is  increased.  Therefore,  as  implied 
by  (5.36),  Akh  oc  A k ,  i.e.  the  incremental  mode  shift  is  proportional  to  the  increment  in 
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damping  gain-,  it  will  be  noted  in  Figure  10.26  that  this  applies  to  relatively  large 
changes  in  gain  of  5  to  20  pu. 

Table  5.3  Components  of  estimated  mode  shift  (5.41),  s  =  or  s  =  j oo/; , 

P  =  0.9,  {?pu 


Case 

/ 

Q  pu 

(P  = 

0.9 

pu) 

Modal 

Response 

(s  =  V’ 

or  Freq. 
Response 
(■S'  =7®/,) 

Average 
particip¬ 
ation  factor 

Washout 

Filter 

Low-pass 

filter 

Product 

HPVrp ' 

Estimated 
Mode  Shift  using 
P-Vr  for  operating 
condition  p 

Actual 

Mode  Shift  based 
on  P-Vr  for 
Design  Case  B 
(see  Table  5.2) 

mag,  phase 
(abs),  (°) 

mag  (abs), 
phase  0 

mag(abs), 
phase  0 

mag,  phase 
(abs),  (°  ) 

col.l 

col.2 

col.3 

cols.4-5 

cols.6-7 

cols.  8-9 

col.  10 

col.  11 

A/ 

-0.2 

h 

0.450,  5.7 

1.00,  1.2 

1.00,  1.2 

1.00,  -5.5 

1.00,  -5.5 

1.240,  -12.1 

1.241, -11.2 

-  1.838+70.347 

-  1.831  +70.315 

-  1.832  +70.305 

J<°h 

B/ 

0.0 

h 

0.475,  4.7 

1.00,  1.3 

1.00,  1.3 

1.01, -5.0 

1.00,  -5.0 

1.000,  0 

1.000,  0 

-1.601  -y'0.028 

-  1.579  -7O.O28 

-  1.586  -70.025 

J'mh 

c/ 

0.2 

h 

0.483,  4.2 

1.00,  1.4 

1.00,  1.4 

1.01, -4.6 

1.00,  -4.6 

0.792,  7.0 

0.797,  6.2 

-  1.276  -70.179 

-  1.268  -70. 161 

-  1.275  -7O.I66 

J<°h 

D/ 

0.4 

h 

0.484,  3.5 

1.00,  1.4 

1.00,  1.5 

1.01, -4.4 

1.00,  -4.4 

0.644,  10.7 

0.651,  9.7 

-  1.028-70.204 

-  1 .030-70. 186 

-  1.034  -yO.193 

J<°h 

Eigenvalues,  rotor  modes,  PSS  in  service  (see  Table  5.2) 


xh  for  Cases  A:  -  0.684  +  v'9.54  ;  B:  -  1.072  +  j 8.67  ;  C:  -  1 .008  +  78.O8  ;  D:  -  0.836  +  j 7.75  . 

(Oh  =  Im(Xh). 

Note:  H=3.0  MWs/MVA;  Ak  =  20  pu  on  machine  MVA  rating;  K-constants  from  Table  5.1  on  page  234; 
{Kp/Ko)Z^p-^c)  rePresents  HPVrp^Gco^  at  5  =  %h  or  s  =  70^  . 


Consider  now  the  contributions  to  the  complex  mode  shift  as  revealed  in  the  columns  of 
Table  5.3. 

3.  The  participation  factor  is  non- linearly  dependent  on  the  complex  modal  frequency, 
Xh,  through  its  eigenvectors,  Pj,/  =  whk  \kh.  The  participation  factors  in  column  3 
are  therefore  taken  as  the  average  of  the  complex  participation  factors  for  the  PSS 
in-  and  out-of-service.  For  case  A  the  latter  two  factors  are,  respectively, 
0.463Z11.40  at  a  damping  gain  of  k  —  20  pu  and  0.442Z-0.20  at  k  =  0  pu.  Because 
the  participation  factors  change  as  the  gain  k  increases  from  0  to  20  pu,  the  average 
value  is  assumed  to  be  a  best  estimate  for  present  purposes.  Note  from  (5.38)  that  a 
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negative  phase  angle  for  the  participation  factor  leads  to  an  increase  the  modal  fre¬ 
quency  coh,  while  a  positive  angle  produces  a  decrease  in  frequency’.  The  latter  observa¬ 
tions  explain  in  part  the  shapes  of  the  eigenvalue  plots  in  Figure  5.13  for  the  range 
of  operating  conditions.  Note  the  magnitude  of  the  participation  factors  are  less 
than  0.5;  the  reasons  for  the  slightly  lower  values  are  explained  in  Chapter  9. 

4.  The  phase  angles  introduced  by  the  washout  and  low-pass  filters  in  columns  5  and  7 
contribute  to  the  change  in  modal  frequency,  i.e.  a  negative  phase  angle  so  introduced 
produces  an  increase  in  modal  frequency  and  vice-versa. 

5.  For  the  P-Vr  characteristic  on  which  the  PSS  compensation  is  based  (i.e.  Case  B)  the 
product  HpVroCkh)  ■  Gco(Xh)  =  1Z0°  (see  columns  8-9).  As  shown  in  Figure  5.10 
on  page  244  the  phase  of  the  P-Vr  characteristic  H pyrp(^f)  for  Case  A  (Q  —  -0.2) 
lags  (is  more  negative  than)  that  of  the  selected  P-Vr  (case  B,  Q  —  0).  Consequendy 
the  phase  of  the  product  Hpyrpfkf)  ■  Gcofkh)  in  (5.36)  is  negative,  thus  leading  to 

an  increase  in  modal  frequency.  For  Cases  C  and  D  (Q—  0.2,  0.4)  there  is  a  decrease 
in  modal  frequency  corresponding  to  their  P-Vr  phase  characteristics  being  more 
positive  than  that  of  Case  B  at  the  modal  frequency. 

6.  The  low-frequency  gain  of  the  P-Vr  characteristic  (Figure  5.10  on  page  244)  for 
Case  A  being  greater  than  that  for  the  design  Case  B  results  in  the  magnitude  of  the 
product  HpVrpCkh)  ■  Gco(fh)  in  (5.36)  being  greater  than  1.  The  magnitude  of  the 

resulting  mode  shift  is  thus  greater  for  those  P-Vr  characteristics  whose  low  frequency 
gains  are  greater  than  that  of  the  design  Case  B  and  vice-versa. 

7.  For  the  Design  Case  B  the  actual  mode  shift  (column  1 1)  at  the  modal  frequency 
s  =  should  ideally  be  purely  real.  However,  the  non-zero  phase  shifts  in  the 
washout  and  low-pass  filters  as  well  as  the  participation  factor  introduce  a  small 
imaginary  component  into  the  actual  mode  shift. 

8.  The  main  factors  which  cause  the  left-shift  to  deviate  from  the  ideal,  or  from  that 
for  the  Design  Case,  are  highlighted  in  (5.36),  i.e.  the  variations  with  operating  con¬ 
dition  of  both  the  participation  factor  from  0.5 Z0°  and  the  product 
HPVrPiK)-Gco{\)  from  1.0Z0° . 

Note  that  the  observations  and  concepts  introduced  in  the  items  above  are  particularly  rel¬ 
evant  to  the  design  of  PSSs  in  multi-machine  systems  that  are  considered  in  Section  1 0.4. 

For  implementing  the  compensation  based  on  the  P-Vr  characteristic  selected  for  the  tuning 
of  PSSs,  it  may  be  that  the  manufacturer  of  the  PSS  has  not  provided  sufficient  number  of 
blocks  to  supply  the  phase  lead  required  at  the  modal  frequency  V  .  The  phase  of  the  prod¬ 
uct  Hpyr(Xf)  ■  G(Th)  (of  unity  magnitude)  will  then  be  negative  (due  to  the  net  phase  lag) 
and  will  result  in  an  increase  in  the  frequency  of  the  mode  shift  according  to  (5.36).  If  the 
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net  phase  lag  is  large,  say  30° ,  the  increase  in  modal  frequency  is  equal  to  sin 30°  =  0.5 
times  the  magnitude  of  the  mode  shift;  correspondingly  the  left-shift  is  reduced  to 
cos30°  =  0.87  times  the  magnitude. 

5.10  Tuning  of  a  PSS  for  a  higher-order  generator  model  in  a  SMIB 
system 

In  the  previous  sections  of  this  chapter  there  are  several  noteworthy  features: 

•  The  tuning  of  the  PSS  was  based  on  a  closed-form  relation  for  the  compensating  trans¬ 
fer  function  of  the  PSS,  given  by  (5.26),  for  the  third-order  generator  model  and  its 
first-order  excitation  system.  In  practice  such  an  expression  is  not  easily  derived  for  a 
higher-order  generator,  particularly  in  a  multi-machine  system. 

•  Because  of  the  simplicity  of  the  SMIB  system  model  the  P-Vr  characteristics  and  other 
relations  can  be  presented  as  closed-form  expressions  in  an  in-depth  analysis.  Insight¬ 
ful  information  about  the  process  of  PSS  tuning  and  its  performance  can  then  follow. 

•  The  operating  conditions  in  the  SMIB  system,  in  which  the  external  system  is  repre¬ 
sented  by  a  simple  series  impedance,  resulted  in  bus  voltage  levels  outside  the  range  of 
0.95  to  1.05  pu  for  the  more  extreme  operating  conditions  as  shown  in  Table  5.1. 
Results  are  more  meaningful  if  practical  operation  within  voltage  limits  is  observed; 
this  is  the  case  in  the  following  analysis  for  a  much  wider  range  of  conditions  includ¬ 
ing  line  outages. 

•  The  real  power  output  of  the  generator  was  confined  to  its  rated  value.  The  perfor¬ 
mance  of  the  system  with  the  PSS  in  service  at  rated  and  at  lower  real  power  outputs  is 
also  of  interest. 

•  For  practical  purposes  the  phase  characteristics  of  the  P-Vr  about  the  design  case  were 
revealed  to  be  more-or-less  invariant  over  a  range  of  operating  conditions.  The  varia¬ 
tion  in  the  P-Vr  gain  characteristics  was  as  much  as  ±4  dB,  this  value  however 
depends  on  the  choice  of  the  Design  Case  P-Vr  characteristic.  Do  these  observations 
apply  to  higher-order  generator  models  with  operational  constraints  applied? 

In  order  to  introduce  further  operational  and  modelling  considerations,  the  P-Vr  character¬ 
istics  will  thus  be  based  on  both  a  sixth-order  generator  model  and  its  excitation  system  and 
a  wider,  practical  and  encompassing  set  of  normal  and  contingency  operating  conditions.  In 
normal  practice,  higher-order  generator  models  and  higher-order  excitation  systems  are 
used  in  the  simulation  of  the  dynamic  performance  of  power  systems. 

The  purpose  of  the  following  sections  is  to  examine  again  (i)  the  synchronizing  and  damping 
torque  coefficients  of  the  sixth-order  generator  and  its  excitation  system  in  a  SMIB  context, 
(ii)  its  P-Vr  characteristics,  and  (iii)  the  tuning  of  the  PSS.  The  procedure  will  form  the  basis 
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for  the  tuning  of  PSSs  in  multi-machine  power  systems.  In  addition,  it  is  of  interest  to  examine 
the  effect  of  the  d-  and  q-axis  windings  of  the  generator  on  the  synchronizing  and  damping 
torque  coefficients. 

The  more  practical  SMIB  power  system  and  the  model  of  the  generating  unit  are  described 
in  Section  5.10.1.  The  tuning  of  the  associated  PSS  is  illustrated  by  means  of  an  example  in 
which  both  normal  and  line-outage  conditions  are  considered  for  a  range  of  generator  real 
and  reactive  power  outputs.  The  P-Vr  characteristics  are  calculated  and  the  performance  of 
the  PSS  -  the  tuning  of  which  is  based  on  these  characteristics  -  is  then  examined.  From  such 
an  examination  the  implications  for  the  tuning  of  PSSs  in  a  multi-machine  system  are  as¬ 
sessed. 

5.10.1  The  power  system  model 

A  ‘more  practical’  SMIB  system  now  considered  consists  of  the  generator  connected  to  an 
infinite  bus  through  a  step-up  transformer  and  a  pair  of  transmission  lines  as  shown  in 
Figure  5.14.  However,  in  this  case  the  transformer  is  fitted  with  a  tap  changer,  shunt  capac¬ 
itance  is  included  in  the  model  of  the  transmission  lines,  and  a  constant  impedance  load  is 
connected  to  the  high  voltage  terminals  of  the  generator  transformer.  Post-fault  contingen¬ 
cies  are  represented  by  one  or  both  of  the  circuits  ‘a’  and  ‘b’  being  out-of-service.  This  ar¬ 
rangement  represents  more  closely  a  practical  configuration  in  the  vicinity  of  a  generating 
station  that  feeds  into  a  large  system.  Clearly,  it  not  intended  to  model  a  tightly-meshed  sys¬ 
tem  of  generating  stations,  loads  and  interconnecting  transmission  lines. 


rf  Constant  1m- 
U  pedance  Load 


Infinite  Bus 


Figure  5.14  A  ‘more  practical’  SMIB  system. 


For  a  given  set  of  machine  and  system  parameters,  the  real  and  reactive  power  outputs  (P, 
Q)  of  the  generator  together  with  the  complex  power  of  the  load  are  selected  as  input  quan¬ 
tities  together  with  a  terminal  voltage  setting  of  1  pu. 

The  Thevenin  equivalent  at  the  generator  terminals  of  the  system  between  the  infinite  bus 
and  the  generator  terminals  is  calculated.  The  model  of  the  generating  unit,  together  with 
the  Thevenin-equivalent  voltage  source  and  the  associated  impedance,  form  the  model  of 
the  SMIB  system. 


For  convenience,  the  coupled-circuit  form  of  the  sixth-order  generator  model  described  in 
[9]  is  adopted  for  the  analysis  in  the  remainder  of  this  chapter.  Closed-loop  control  of  the 
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generator  terminal  voltage  is  again  implemented  by  means  of  a  simple  first-order  model  of 
the  excitation  system. 

The  linearized  model  of  the  generator  and  excitation  system  used  in  this  application  is  also 
that  described  in  [9].  The  equations  for  the  sixth-order  generator  in  a  SMIB  system,  together 
with  those  of  the  excitation  system,  are  given  for  completeness  in  Appendix  5—1.3.  Because 
a  model  of  the  stabilizer  is  required  in  a  later  section,  the  equations  for  the  complete  gener¬ 
ator-excitation  system-PSS  are  also  included  in  the  Appendix.  These  equations  are  in  state- 
space  form,  rather  than  the  transfer  function  form  employed  in  the  earlier  sections  of  this 
chapter. 

5.10.2  Calculation  of  the  synchronizing  and  damping  torque  coefficients 

in  Section  5.3  it  was  noted  that  the  synchronizing  and  damping  torque  coefficients  can  be 
calculated  from  the  transfer  function  A P0/ Aco  given  by  (5.10)  with  the  shaft  dynamics  dis¬ 
abled.  In  the  context  of  the  state  equations  given  by  (3.9),  this  implies  removing  the  row  and 
column  associated  with  the  speed  state  in  the  A  matrix  and  treating  shaft  speed  Aid  as  an 
input  signal.  The  latter  column  then  becomes  a  column  associated  with  shaft  speed  in  the 
input  matrix,  B.  The  column  associated  with  the  speed  output  in  the  output  matrix  C  is  also 
moved  to  the  column  of  the  D  matrix  corresponding  to  the  speed  input;  the  torque  of  elec¬ 
tro-magnetic  origin  AP0  remains  an  output  signal. 


For  illustrative  purposes  and  simplicity,  assume  that  (i)  a  set  of  third-order  state  equations 
describes  the  dynamic  performance  of  the  system,  (ii)  x2(t)  is  the  speed  state  A  to,  and  (iii) 

y(  t)  is  the  output  A .  The  state  equations  are: 


(0 

X2(t) 

= 

"ll  "l2  "l3 

"21  "22  "23 

Xj(0 

x2(t) 

+ 

bl 

b2 

■  u{t),  y(t)  =  [cn  cn  c13]  • 

*1  (t) 
x2(t) 

X3(t) 

"31  "32  "33 

x3(t) 

b3 

x3(t) 

(5.42) 


Setting  the  input  u(t )  to  zero  and  eliminating  the  rows  of  the  A,  B  &  C  matrices  associated 
with  the  speed  state  as  well  as  the  corresponding  column  in  the  A  matrix,  we  find: 


*1  (0 

x3(t) 


"11  "13 
"31  "33 


*1  (0 

x3(t) 


'12 


'32 


[v2(f)J,  y{t)  [Cn  C13] 


*i  (0 

x3(t) 


cl2-x2(t).(5A3) 


with  x0(t)  being  the  speed  input  signal.  From  the  modified  state  equations  (5.43)  the  fre¬ 
quency  response  AT0(/Ky)/Aco(/ay)  is  calculated.  The  calculation  of  the  frequency  re¬ 
sponses  of  the  torque  coefficients  is  outlined  in  Section  5.3  and  is  given  by: 


kd  =  * 


{^1  and 

(  Aff>(/COy) 


^  =  -3 


ay  ATpC/gy) 
k>q  Aa>(/Ky) 


[(5.10),  repeated]. 
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5.10.3  Calculation  of  the  P-Vr  characteristics  for  a  SMIB  system  with  high-order 
generator  models 

As  mentioned  in  the  Introduction,  Section  5.1,  the  theoretical  basis  for  the  use  of  the  P-Vr 
characteristic  for  the  tuning  of  PSSs  is  given  in  [10];  in  this  paper  the  application  of  P-Vr 
characteristic  in  PSS  designs,  described  in  earlier  papers  [5]  and  [11],  is  confirmed.  The  anal¬ 
ysis  in  [1 0]  is  applied  to  multi-machine  power  systems  -  of  which  the  SMIB  system  is  a  spe¬ 
cial  case;  the  results  of  this  analysis  are  reviewed  in  the  multi-machine  context  in  Section  9.4. 

The  tuning  of  the  speed-PSS  described  in  Section  5.8  is  based  on  determining  the  compen¬ 
sating  transfer  function  of  PSS,  Gc(s),  given  by  (5.23),  i.e. 

Gc(s)  =  l/HpVr(s). 

In  the  case  of  the  Heffron  and  Phillips’  model  of  the  SMIB  system  a  closed-form  expression 
for  the  second-order  P-Vr  transfer  function,  HpVr{s)  -  and  thus  Gc(s ) ,  was  derived.  For 

the  seventh-order  generator-excitation  system  model,  the  P-Vr  characteristic  is  sixth-order 
(the  shaft  dynamics  being  disabled).  For  this  transfer  function,  and  for  multi-machine  systems 
in  particular ,  the  derivation  of  a  closed-form  solution  for  Gfs)  is  not  only  tedious  but  is 
unnecessary.  Unnecessary,  because 

•  the  calculation  of  the  P-Vr  frequency  responses  is  straight-forward  and  is  based  on  a 
set  of  state  equations  relating  the  torque  of  electromagnetic  origin  to  the  reference 
voltage  with  the  speed  state  disabled; 

•  from  the  set  of  P-Vr  frequency  responses  -  such  as  those  in  Figure  5.10  -  the  P-Vr 
characteristic  is  selected  that  best  represents  the  family  of  such  characteristics  over  the 
range  of  operating  conditions; 

•  typically,  only  a  low-order  representation  of  the  P-Vr  characteristic  is  required  in  order 
to  provide  a  suitable  PSS  compensating  function,  Gfs) ; 

•  it  is  usually  relatively  easy  to  synthesize  a  low-order  transfer  function  representation  of 
the  selected  P-Vr  characteristic. 

Because  the  P-Vr  transfer  function  is  that  from  the  voltage  reference  input  to  the  torque  of 
electro-magnetic  origin  as  output  with  the  shaft  dynamics  disabled,  its  calculation  is  similar  to 
that  for  the  torque  coefficients  in  (5.42)  and  (5.43).  The  torque  of  electromagnetic  origin 
A Pq  remains  an  output  signal.  Retaining  the  third-order  system  of  (5.42)  for  illustrative  pur¬ 
poses  for  this  case,  we  note  that  y(t)  remains  the  torque  of  electromagnetic  origin  AP0  and 
x7(t)  the  speed  state  Ara ,  however,  the  input  u(t)  is  now  the  voltage  reference  signal,  AV  . 
On  elimination  of  the  speed  state,  (5.42)  reduces  to: 
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The  P-Vr  characteristic  AP0(/cOy)/ AVr(j(Oj)  is  calculated  from  the  state  equations,  modified 
as  illustrated  by  (5.44). 

5.10.4  Example  5.5:  Tuning  and  analysis  of  the  performance  of  the  PSS  for  the 
higher-order  generator  model 

5. 10.4.1  Parameters  of  the  SM1B  system  and  generator 

The  generator  is  connected  to  the  infinite  bus  through  a  step-up  transformer  and  two  330 
kV  transmission  lines;  the  lines  are  connected  to  a  common  bus  at  their  midpoint  as  shown 
in  Figure  5.14.  Nominal  system  frequency  is  50  Hz. 

Parameters: 

•  Transmission  lines.  For  each  of  the  four  330  kV  line  sections,  length  290  km,  the 
parameters  are  given  on  the  generator  MVA  rating  and  base  of  500  MVA.  The  series 
impedance  each  line  is  ZL  =  0.0225  +  j 0.225  pu,  shunt  susceptance  b  =  0.11  pu.  For 
the  outage  of  transmission  line  section  ‘a’  in  Figure  5.14  the  series  impedance  from 
the  generator  HV  bus  to  the  infinite  bus  is  ZL  =  0.03375  +  y'0.3375  pu,  the  associated 
shunt  susceptance  is  b  =  0.33  pu.  For  the  outage  of  two  lines,  both  sections  ‘a’  and 
‘b’  are  out  of  service  and  ZL  =  0.045  +j 0.450  pu,  b  =  0.22  pu. 

•  Transformer.  Series  impedance  is  Zf  =  y'0.15  pu  on  500  MVA.  The  off-nominal  tap 
setting  t  is  the  per-unit  turns  ratio  (=  1  pu  at  nominal  taps);  the  taps  are  assumed  to  be 
on  the  low-voltage  side  and  adjustable  in  steps  of  1  %.  (In  practice,  taps  are  located  on 
the  high  voltage  side  of  the  transformer,  however,  the  convention  in  [9]  is  adopted.) 

•  Constant  shunt  admittance  load  located  at  the  station’s  high  voltage  bus.  The  per  unit 
complex  load  power  at  1  pu  voltage  is  PQ  =  0.09,  Q0  —  0,  0.02,  0.03,  0.04  (or  Q0  —  0.29 
pu  when  a  shunt  reactor  is  brought  into  service). 

•  Generator.  Rating  500  MVA. 

D  —  0,  H  =  3.0  MWs/MVA,  ra—  0,  x^=1.9pu,  x?=1.8pu,  x'd  —  0.30  pu, 
x\  —  0.20  pu,  x'^=0.55pu,  x"d  =  0.26  pu,  =  0.26  pu,  T’ do  =  6.5  s,  T'?0— 1.4  s, 
T" do  —  0.035  s,  T"  =  0.04  s,  on  the  generator  rating. 

The  per-unit  parameters  on  generator  rating  for  the  corresponding  sixth-order  coupled-cir¬ 
cuit  model  are: 
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Xd=  1.9,  Xad=  1.7,  Rfd  =  0.00088453,  Xfd=  0.106250,  Rld=  0.0227364,  Xld=  0.15, 

Xq  =  1.8,  Xaq  =  1.6,  RIq  =  0.0046564,  Xlq  =  0.4480,  =  0.0336146, 

X2q  =  0.0724138. 

Excitation  system:  ATej(.  =  200  pu,  Tex  =  0.02  s. 

The  state-equation  model  for  the  generator,  which  is  under  closed-loop  voltage  control,  is 
given  in  Appendix  5— 1.3.1. 

The  ranges  of  operating  conditions  for  the  generator  are  P  —  0.9  and  0.7  pu,  -0.2  <  Q  <  0.4 
pu,  and  P  —  0.1,  0.3,  0.5,  0.7  and  0.9  pu  at  unity  power  factor.  Normal  conditions  and  one 
line  and  two  lines  out-of-service  are  analyzed.  All  conditions  are  subject  to  the  330  kV  bus¬ 
bar  voltages  lying  in  the  range  0.95  to  1 .05  pu.  Note  that  the  above  selection  of  operating  con¬ 
ditions  encompasses  not  only  a  wide  range  of  normal  and  outage  conditions  but  also  reactive 
power  outputs  at  0.9  and  0. 7  pu  real  power. 

5.10.4.2  Steady-state  and  dynamic  performance  of  the  system,  no  PSS  in  service 

The  steady-state  voltages  and  rotor  angles,  together  with  the  associated  eigenvalues,  are  cal¬ 
culated  for  the  range  of  operating  conditions  using  the  system  and  generating-unit  parame¬ 
ters  listed  above.  The  relevant  results  are  given  in  Table  5.4  for  selected  operating 
conditions. 

Without  a  PSS  at  a  generator  real-power  output  of  0.9  pu  (450  MW),  the  system  is  unstable 
for  all  the  selected  operating  conditions.  For  all  real  power  outputs  and  a  given  system  con¬ 
figuration  (e.g.  a  single  line  outage)  shown  in  Table  5.4  it  is  significant  that: 

•  the  rotor  angle  increases  as  the  power  factor  becomes  more  leading  -  and  can  exceed 
90°; 

•  correspondingly,  the  stability  of  the  system  degrades. 

Furthermore,  at  a  selected  complex  power  output  (e.g.  S  =  0.9  +  j 0.3  pu),  stability  degrades 
with  the  increased  series  impedance  of  the  transmission  system  associated  with  the  outages 
of  line  sections  ‘a’  then  ‘a’  and  ‘b’. 

5. 10.4.3  Inherent  synchronizing  and  damping  torques  coefficients,  6t>l  order  generator  model 

As  was  the  case  for  the  third-order  Fleffron  and  Phillips’  model  in  Section  5.3,  it  is  again  re¬ 
vealing  to  examine  the  inherent  synchronizing  and  damping  torque  coefficients  for  the  rotor 
before  the  tuning  of  the  PSS  is  considered.  In  this  case  the  generator  terminal  voltage  is  con¬ 
trolled  by  a  first-order  model  of  the  excitation  system. 


Sec.  5.10 


Tuning  of  a  PSS  for  6th  order  generator  model 


263 


Table  5.4  Steady-state  operating  conditions  and  eigenvalues  for  the  SM1B  system;  no 
PSS  in  service  (P,  Q  in  pu  on  500MVA  base) 


Case 

Generator 

Output, 

P.Qpu. 

Lines 

out  of 

service 

Load 

pu 

Po,  Qo  # 

Trans¬ 
former 
taps  % 

Rotor 

angle 

5° 

Voltage  pu  ( Z°  ) 

Eigenvalues, 
Rotor  Mode 

Gen.Ter- 

minals 

Gen. 

HV  Bus 

Inf. 

Bus 

A 

0.9,  -0.1 

none 

0.09,  0 

0 

80.7 

1Z17.6 

1.024 

1.020 

0.773  ±79.16 

B 

0.9,  0 

none 

0.09,  0.04 

-1 

76.0 

1Z17.7 

1.019 

1.002 

0.552  ±y'9.12 

C 

0.9,  0.2 

none 

0.09,  0.04 

-4 

67.6 

1Z17.6 

1.021 

0.959 

0.261  ±79.02 

D 

0.9,  0.4 

none 

0.09,  0.29 

-6 

60.8 

1  Z17.6 

1.015 

0.967 

0.113  ±78.98 

E 

0.9,  -0.1 

one 

0.09,  0 

+5 

87.7 

1Z24.5 

0.978 

1.017 

0.936  ±78.48 

F 

0.9,  0.3 

one 

0.09,  0.03 

-8 

68.2 

1  Z21.7 

1.053 

0.952 

0.245  ± 78.44 

G 

0.9,  -0.07 

two 

0.09,  0.03 

+6 

91.7 

1  Z30.1 

0.965 

1.049 

0.927  ±77.98 

H 

0.9,  0.3 

two 

0.09,  0.03 

-7 

74.0 

1Z27.6 

1.041 

0.951 

0.322  ± 77.84 

J 

0.7,  -0.2 

none 

0.09,  0.04 

0 

76.2 

1Z13.1 

1.035 

1.049 

0.323  ± 79.06 

K 

0.7,  0 

none 

0.09,  0.04 

-3 

64.6 

1  Z13.0 

1.036 

1.004 

-  0.065  ± 78.92 

L 

0.7,  0.2 

none 

0.09,  0.04 

-5 

55.9 

1Z13.1 

1.029 

0.954 

-0.198  ±78.76 

M 

0.7,  -0.2 

one 

0.09,  0.03 

+5 

81.3 

1  Z18.2 

0.990 

1.044 

0.493  ±78.41 

N 

0.7,  0.2 

one 

0.09,  0.03 

-6 

59.6 

1Z16.8 

1.040 

0.950 

-0.096  ±78.19 

#  Load  at  1  pu  voltage  on  generator  HV  bus 


The  modified  state  equations  for  the  calculations  of  the  inherent  torque  coefficients  are  de¬ 
rived  as  outlined  in  Section  5.10.2.  From  these  equations  the  frequency  response  of  the  syn¬ 
chronizing  and  damping  torque  coefficients  are  calculated,  that  is,  from  the  transfer  function 
AP0(J(of)/Aa(Jaf) . 

With  reference  to  Figure  5.1 5  and  Table  5.4  it  is  noted  that  the  inherent  damping  torque  co¬ 
efficient  is  markedly  negative  for  many  of  the  cases  over  the  range  of  the  rotor  modal  fre¬ 
quencies,  7.8  to  9.2  rad/ s.  This  observation  applies  at  the  more  heavily  stressed  conditions, 
particularly  (i)  as  the  series  impedance  of  the  transmission  system  increases  with  the  line  out¬ 
ages,  and  (ii)  at  the  more  leading  power  factors.  The  least  damped  condition  is  that  for  case 
G  with  a  coefficient  of  -13  pu,  only  slightly  poorer  than  that  for  case  A.  Note  that:  (i)  as  the 
damping  torque  coefficients  become  more  negative  for  the  cases  shown  in  the  figures  so  the 
degree  of  instability  increases  for  the  corresponding  cases  in  Table  5.4;  (ii)  at  the  lower  inter¬ 
area  modal  frequencies,  potentially  1.5  to  6  rad/s,  the  inherent  damping  torque  coefficients 
tend  to  be  negative.  Such  degradations  in  damping  must  be  remedied  by  the  action  of  the 
PSS. 
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Figure  5.15  Inherent  synchronizing  and  damping  torque  coefficients  for  SMIB  system  at 
a  generator  real  power  output  (a)  P  =  0.9  pu,  and  (b)  P  —  0.7  pu.  Reactive  power  output  var¬ 
ies  between  0.2  pu  leading  and  0.4  pu  lagging  with  all  lines  in  service,  or  the  outage  of  one 

or  two  lines. 


As  observed  in  Section  5.5.1  the  damping  gain  k  of  the  PSS  -  when  installed  -  should  be 
greater  than  k  —  13  pu  to  ensure  stability  under  the  most  onerous  operating  condition,  i.e. 
in  Case  G:  P  =  0.9,  Q  =  -0.07  pu,  with  two  lines  out  of  service. 

Note  from  Table  5.4  that  the  magnitudes  of  damping  ratios  of  the  rotor  modes  are  generally 
less  than  0.1.  The  torque  coefficients  are  therefore  again  calculated  using  conventional  fre¬ 
quency  response  methods  with  s  =  jay. 

5.10.5  The  P-Vr  characteristics  for  a  SMIB  system  with  a  6th  order  generator 
model 

The  basis  of  the  P-Vr  characteristics  and  their  calculation  are  discussed  in  Section  5.10.3. 

The  P-Vr  characteristics  are  shown  in  Figure  5.16  for  generator  real  power  outputs  of  0.9 
and  0.7  pu.  These  characteristics  mainly  relate  to  the  more  extreme  ends  of  the  range  of  re¬ 
active  power  outputs  and  system  configurations  listed  in  Table  5.4. 
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Figure  5.16  P-Vr  characteristics  for  the  SMIB  system  at  generator  real  power  outputs 
(a)  P  =  0.9  pu,  and  (b)  P  =  0.7  pu;  all  lines  in  service,  or  outage  of  one  or  two  lines. 

Note  that,  for  constant  real  power  outputs,  the  low-frequency  gains  of  the  P-Vr  character¬ 
istics  increase  as  the  reactive  power  changes  from  lagging  to  leading. 

As  is  the  case  for  the  lower-order  generator  model  of  Section  5.8,  the  P-Vr  characteristics 
in  the  latter  figures  form  the  basis  for  the  tuning  of  the  speed-PSS. 

5.10.6  Tuning  a  speed-PSS  for  a  SMIB  system  with  a  6th  order  generator  model 

The  same  form  kG(s )  of  the  transfer  function  of  the  speed-PSS  is  employed  as  in 
Section  5.8.  The  tuning  of  the  PSS  transfer  function  is  considered  in  the  same  five  steps. 

Step  1  of  Section  5.8. 

The  determination  of  the  compensating  transfer  function  Gfs )  such  that,  over  a  selected 
range  of  modal  frequencies,  a  torque  of  electro-magnetic  origin  proportional  to  speed  is  in¬ 
duced  by  the  PSS  on  the  rotor  of  the  generator. 


5. 10.6.1  Selection  of  the  P-  Vr  characteristic  for  compensating  transfer  function  Gc(s ) 

For  the  selected  set  of  operating  conditions  listed  in  Table  5.4  the  frequencies  of  the  rotor 
modes  cover  a  range  from  7.8  to  9.2  rad/ s.  Based  on  a  mid-range  modal  frequency  of  about 
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8.7  rad/s,  the  phase  of  the  P-Vr  characteristics  for  P  =  0.9  pu  varies  over  the  range  -53.5° 
(Case  A)  to  -35.8°  (Cases  J  &  H).  Let  us  choose  the  P-Vr  characteristic  for  P  =  0.9,  Q  =  0.2 
pu  (Case  C)  because  its  phase  of  -43.5°  lies  close  to  the  middle  of  the  band  of  characteristics 
at  the  modal  frequency.  The  phase  of  any  characteristic  associated  with  the  operating  con¬ 
ditions  listed  in  Table  5.4  is  thus  within  ±10°  of  that  of  the  selected  characteristic.  Case  C 
will  be  called  the  ‘Design  Case’. 

At  low  frequencies  (1  rad/ s),  the  extent  of  the  range  of  gains  of  the  P-Vr  characteristics 
shown  in  Figure  5.16(a)  is  from  7.8  dB  (Cases  H)  to  14.6  dB  (Case  A).  These  differ  from  the 
selected  P-Vr  characteristic  (Case  C)  by  -3.9  and  +2.9  dB,  respectively. 


An  inspection  of  the  P-Vr  characteristics  for  P  =  0.7  pu  in  Figure  5.16(b)  reveals  that  these 
characteristics  are  suitably  represented  by  Design  Case  C. 

5.10.6.2  Synthesis  of  the  compensating  transfer  function  Gfs) 

We  wish  to  synthesize  the  P-Vr  transfer  function,  Hpyr^(s ),  for  Design  Case  C  in  order  to 
form  the  PSS  compensating  transfer  function  Gc(s)  by  means  of  (5.23).  In  order  to  provide 
some  useful  insights  the  process  is  illustrated  using  some  basic  concepts  in  frequency  re¬ 
sponse  analysis. 


Imagine,  on  the  P-Vr  characteristic  of  Case  C  in  Figure  5.16(a),  the  straight-line  asymptotes 
as  ay— >  0  and  as  ay— >  oo  are  drawn  on  the  magnitude  plot  for  the  Design  Case  C.  These 

asymptotes  roll  off  at  0  and  -40dB/decade,  respectively,  and  intersect  at  19  rad/s.  Because 
the  slope  of  the  magnitude  plot  monotonically  decreases  with  increasing  frequency  it  is  as¬ 
sumed  that  there  are  no  zeros  in  the  transfer  function  (or,  if  any  exist,  they  are  cancelled  by 
closely-located  poles).  Furthermore,  the  phase  response  tends  to  -180°  as  ay— >  co  .  A  sec¬ 
ond-order  form  of  the  synthesized  transfer  function  Hpyr${s)  possessing  a  pair  of  complex 
poles  is  thus  assumed,  i.e. 


HPVrS^  =  ^CO/(‘?2  +  2^aV  +  (0«)  °r 


H 


PVrS 


(5.45) 


2 

where  kc  =  kCQ/ con .  The  frequency  response  characteristics  for  such  a  transfer  function  are 
shown  in  Figure  2.16.  From  a  comparison  of  the  P-Vr  response  for  Case  C  in  Figure  5.16(a) 
with  that  of  the  latter  figure  it  is  observed  that: 


The  intersection  of  the  asymptotes  occurs  at  the  undamped  natural  frequency 
ay  =19  rad/ s;  the  associated  magnitude  response  in  Figure  2.16  is  6  dB  down  at  this 
frequency.  Assume  that  the  damping  ratio  £,  =  1;  the  corresponding  gain  from  the  P- 
Vr  plot  is  about  4  dB  down.  The  damping  ratio  is  thus  less  than  1 .0  and  therefore  the 
transfer  function  possesses  a  pair  of  complex  poles. 
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•  There  is  no  resonance  apparent  in  the  magnitude  response,  i.e.  the  damping  ratio  £,  is 
greater  than  0.707. 

A  trial- and-error  method,  a  curve  fitting  process,  or  some  other  convenient  method  can  now 
be  adopted  to  determine  the  damping  ratio  E,  .  From  the  eigenvalues  of  the  A  matrix  for  the 
P-Vr  characteristic  in  (5.45)  it  may  be  possible  for  this  simple  SMIB  system  to  isolate  a  pair 
of  poles  for  the  second-order  transfer  function  of  (5.45).  These  are  found  to  be  located  at 
-  16  ±  j  10.2  -  from  which  E,  =  0.85  and  a>n  =  19  rad/s.  The  low-frequency  gain  of  the  P- 
Vr  characteristic  for  Case  C  in  Figure  5.16(a)  is  11.7  dB  or  3.84  pu.  Inserting  the  relevant 
values  into  (5.45),  the  synthesized  P-Vr  transfer  function  for  Case  C  becomes: 

HPVrS (s)  =  3. 84/(1  +  0. 0895s  +  0.00277s2) .  (5.46) 

Thus,  based  on  (5.23),  Step  1  for  the  determination  of  the  compensating  transfer  function 
G C(s)  can  be  completed,  i.e. 

Gc(s)  =  l/(HpVrS(s ))  =  ( 1  +  0.0895s  +  0.00277s2)/3.84  .  (5.47) 


Steps  2,  3  and  4  of  Section  5.8: 

These  steps  cover  the  selection  of:  the  value  of  the  damping  gain  k\  the  parameters  of  the 
PSS  washout  filter;  and  the  high-pass  filter  parameters  that  ensure  Gc(s )  is  proper.  It  is  as¬ 
sumed  that  attenuation  of  the  torsional  modes  is  not  required. 


As  stated  earlier  a  practical  form  of  the  speed-PSS  for  the  SMIB  system  includes  the  damp¬ 
ing  gain  k,  together  with  the  washout  and  low-pass  filters,  as  explained  in  Section  5.9.  Incor¬ 
porating  the  PSS  compensating  transfer  function  1  / HpVr(s)  from  (5.45),  the  practical  PSS 
transfer  function  described  in  (5.34)  becomes: 


HPSS (s)  =  kG{s )  =  k  ■  - 


sT 


1+2^  + 


w 


to. 


-i2 


+  sTw  kc  (1  +5'T1)(1  +  sT^) 


(5.48) 


For  the  range  of  modal  frequencies  of  rotor  oscillation  shown  in  Table  5.4  (i.e.  7.8  -  9.2  rad/ 
s)  an  examination  of  Figure  5.15  for  the  damping  torque  coefficients  reveals  that  a  damping 
gain  of  about  13  pu  is  required  to  overcome  the  inherent  negative  damping.  A  value  of 
k  =  20  pu  is  adopted  on  a  trial  basis.  The  same  parameters  as  in  Section  5.9  are  adopted  for 
the  washout  and  low-pass  filters  because  the  range  of  modal  frequencies  is  essentially  the 
same.  With  the  insertion  of  the  latter  parameters  together  with  those  from  (5.47)  into  (5.48) 
the  transfer  function  of  the  speed-PSS  for  the  SMIB  system  becomes: 


s5  1  1  +  s0.0895  +  s20.00277 

pss{S)  1  +  s5  '  3.84  '  (1  +  s0.005)(l  +  s0.005) ' 


(5.49) 
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Note  that  (i)  the  zeros  in  the  transfer  function  of  the  compensation  are  complex  and  (ii)  the 
low-pass  filter  time  constants  of  5  ms  are  very  short.  These  matters  are  considered  in  more 
detail  in  Section  5.12. 

Prior  to  considering  Step  5  in  the  tuning  procedure  of  Section  5.8  (i.e.  the  assessment  if  the 
dynamic  performance  of  the  PSS)  it  is  instructive  to  view  the  frequency  characteristic  of  the 
damping  torque  induced  by  the  PSS.  Step  5  is  discussed  in  Section  5.1 1. 

5.10. 6. 3  Damping  and  synchronizing  torque  coefficients  induced  hy  the  PSS 
Let  us  assess  the  coefficients  of  the  synchronizing  and  damping  torques  induced  on  the  gen¬ 
erator  through  the  action  of  the  PSS.  Not  only  does  this  serve  as  a  check  and  partial  valida¬ 
tion  of  the  analysis  and  tuning  of  the  PSS  represented  by  (5.49),  but  it  also  provides 
additional  insights  into  the  action  of  the  PSS. 

Referring  to  Figure  5.9  on  page  241,  the  procedure  for  examining  the  synchronizing  and 
damping  torques  developed  through  the  action  of  the  PSS  involves  disabling  the  shaft  dy¬ 
namics  of  the  machine,  injecting  a  speed  perturbation  into  the  PSS+excitation-system+ma- 
chine  loop  only,  and  calculating  the  complex  torque  A P a ,  i.e. 

AP«L,r  =HpVr(s).Hpss(s)-Ato.  (5.50) 

IAo,  Arm  =  U 

Note  that  the  inherent  torque  coefficients  associated  with  the  path  Aro  — >  A are  excluded 
in  formulation  of  (5.50). 

The  product  HpVr{s)  ■  Hpss(s)  in  (5.50)  is  by  definition  a  complex  torque  coefficient,  Ffs) . 
This  coefficient  can  be  expressed  in  terms  of  the  PSS  compensating  transfer  function  Gfs) 
and  the  washout  and  low-pass  filters  (Gjfs)  and  GLp(s ))  by: 

n»  =  Hpyfs)  ■  G(s)  ■  k  =  HpVr(s)  ■  Gfs )  •  G^s)  ■  GLp{s )  -k.  (5.51) 

For  the  operating  condition  which  forms  PSS  Design  Case  C,  the  compensating  transfer 
function  of  the  PSS  is  ideally  given  by  (5.23),  i.e.  Gfs)  =  l/HpVr(s) ,  thus  (5.51)  becomes 

r(S)  =  Gw(S)-GLP{S)-k.  (5.52) 

Assuming  the  transfer  functions  of  the  washout  and  low-pass  filters  are  each  real  numbers, 
i.e.  1Z0° ,  at  the  modal  frequency,  equation  (5.52)  represents  the  already-stated  purpose  of 
the  speed-PSS,  i.e.  it  should  induce  a  damping  torque  coefficient  equal  to  k  as  outlined  in 
Section  5.8.1. 

For  operating  conditions  other  than  the  Design  Case,  (5.51)  becomes: 

=  HpVrp(s)  ■  Gco(s)  ■  Gffs)  ■  Glp{s )  •  k,  (5.53) 

where  the  subscripts  ‘p’  refer  to  the  P-Vr  transfer  function  which  changes  with  operating 
condition;  subscripts  ‘o’ refer  to  the  compensating  transfer  function  which  is  implemented 
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in  the  PSS.  At  the  modal  frequency  s  =  » j a>h  the  transfer  functions  of  the  washout  and 

low-pass  filters  are  close  to  1Z0°  ,  thus  (5.53)  becomes 

rp0®h)  =  ^j^-)  ■  k  (5-54) 

where  Kp,  (j)^  and  Ka,  (|>0  are  defined  following  (5.41). 


As  shown  in  Section  5.8.3  and  Section  5.10.6.1,  at  the  modal  frequency  co/;  the  P-Vr  phase 
responses  typically  lie  in  a  narrow  band  of  some  ±5°-±10°  about  that  of  the  Design  Case. 
The  torque  coefficient  in  (5.54)  is  essentially  a  real  number,  i.e.  a  damping  torque  coefficient, 
given  by 


r„K) 


 p 


■  k . 


(5.55) 


*>a) 

The  significance  of  the  above  result  is  that  the  damping  torque  coefficient  induced  by  the 
PSS  at  any  operating  condition  and  the  modal  frequency  co h  is  the  damping  gain  k  modified 
by  the  ratio  of  the  P-Vr  gain  at  the  operating  condition  to  that  of  the  Design  Case. 


Firstly,  consider  now  the  calculation  of  the  torque  coefficients  induced  through  the  PSS  path 
only  in  Figure  5.9  on  page  241 .  The  complex  coefficient  F(s)  is  expressed  in  (5.51)  in  terms 
of  the  synthesized  and  PSS  transfer  functions  HpVrS{s)  and  Hpss(s),  given  by  (5.46)  and 
(5.49),  respectively.  For  the  SMIB  system  the  frequency  responses  of  the  synchronizing  and 
damping  components  are  derived  from  F(s)  using  the  result  from  (5.10)  as  employed  in 
Section  5.10.2. 


In  Figure  5.17  are  shown  the  synchronizing  and  damping  torque  coefficients  induced  by  the 
PSS  for  two  operating  conditions,  the  Design  Case  C  (P  =  0.9,  Q  —  0.2  pu),  and  the  most 
poorly-damped  condition  Case  G  (P  =  0.9,  Q  =  -0.07  pu,  two  lines  out-of  service).  The  de¬ 
tails  of  the  steady-state  operating  conditions  for  these  cases  are  given  in  Table  5.4. 

Two  important  features  of  the  responses  of  the  damping  torque  coefficients  are  seen  in  the 
figure.  Firstly,  they  are  more-or-less  flat  over  the  range  of  modal  frequencies  of  interest,  7 
to  9  rad/ s.  Secondly,  the  damping  torque  coefficient  of  20  pu  required  by  the  design  is 
achieved  in  the  Design  Case  C,  however,  for  Case  G  a  value  slightly  less  results.  In 
Figure  5.16(a)  the  respective  P-Vr  gains  at  a  modal  frequency  in  the  vicinity  of  7  to  9  rad/ s 
are  3.7  and  3.3  pu.  According  to  (5.55)  the  damping  torque  coefficient  induced  by  the  PSS 
for  Case  G  is  (3. 3/3. 7)  x  20  =  17.8 ,  a  value  which  closely  agrees  with  that  found  from 
Figure  5.17. 
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C:  Q=0.2  Design  Case 
G:  Q=-0.07  Two  lines  out 


Figure  5.17  Coefficients  of  the  per  unit  generator  synchronizing  and  damping  torques  in¬ 
duced  through  the  PSS  path  (i.e.  excludes  the  inherent  torques);  P  =  0.9  pu. 

Secondly,  consider  inherent  torque  coefficients  that  are  induced  through  the  rotor  angle 
path  Aro  — >  APg  in  Figure  5.9  on  page  241.  The  frequency  response  AP5(/tty)/Aco(/ffy)  for 

Cases  C  and  G  are  shown  in  Figure  5.18  and  possess  some  interesting  features.  Firstly,  the 
magnitude  responses  roll  off  fairly  consistently  at  20  dB/ decade  and  the  phase  responses 
vary  about  an  angle  of  -90°  .  This  is  consistent  with  integration  in  the  transfer  function 
A5/Aa>  =  coQ/ (/cod  (as  revealed  in  (5.3)  and  Figure  5.9).  Secondly,  the  damping  torque  co¬ 
efficient  is  related  to  the  cosine  of  the  phase  angle  and  is  therefore  positive  when  the  phase 
angles  are  more  positive  than  -90°. 

However,  as  foreshadowed  in  Section  5.5.1,  the  positive  contribution  of  the  PSS  to  the  gen¬ 
erator  torque  coefficients  will  be  reduced  if  the  inherent  torque  coefficients  are  negative.  As 
established  in  Section  5.10.4.3  and  Figure  5.15  the  inherent  damping  torque  coefficients  are 
mainly  negative  at  the  modal  frequencies  listed  in  Table  5.4  on  page  263;  it  is  therefore  nec¬ 
essary  to  examine  the  net  effect  on  the  torque  coefficients  of  the  PSS  and  rotor-angle  paths. 
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Figure  5.18  Frequency  response  of  the  inherent  torque  coefficients  for  Case  C  (the  PSS 
Design  Case);  P  —  0.9,  Q  —  0.2  pu,  and  Case  G  (Outage  of  two  lines);  P  —  0.9,  Q  =  -0.07pu. 

In  Figure  5.19(a)  and  (b)  the  frequency  responses  of  the  inherent  and  PSS-induced  torques 
coefficients  are  shown  separately  and  summed  together.  Figure  5.19(a)  applies  to  the  Design 
Case  C  and  Figure  5.19(b)  to  the  ‘worst  case’  operating  condition,  Case  G.  The  responses  of 
the  PSS-induced  torques  coefficients  in  the  two  figures  are  the  same  as  those  in  Figure  5.17. 
However,  due  to  the  very  different  nature  of  the  inherent  torque  coefficients  in  the  two  cas¬ 
es,  the  combined  responses  are  markedly  different.  While  the  combined  responses  are 
‘somewhat’  flat  over  the  modal  frequency  range  7  to  9  rad/ s,  the  values  of  the  sum  of  the 
damping  torque  coefficients  are  significantly  different,  i.e.  about  17  and  5  pu  in 
Figure  5.19(a)  and  (b),  respectively.  Although  these  coefficients  are  both  positive,  the  eigen¬ 
value  of  the  rotor  mode  for  the  Design  Case  will  be  characterized  by  a  significantly  greater 
shift  into  the  left-half  s-plane  than  that  for  Case  G.  This  is  to  be  examined  in  Section  5.11 
in  assessing  the  performance  of  the  PSS  over  the  range  of  operating  conditions. 

Due  to  the  inclusion  of  the  damper  windings  to  represent  rotor  eddy-current  losses  in  the 
model  of  the  sixth-order  generator  the  frequency  response  characteristics  of  the  inherent 
damping  torque  coefficients  are  seen  in  Figure  5.19  to  vary  greatly  over  the  selected  range 
of  operating  conditions.  In  Case  C  at  low  frequencies  (less  than  1  rad/ s)  the  damping  torque 
coefficient  is  significant,  being  of  the  order  of  50  to  60  pu.  For  case  G,  on  the  other  hand, 
the  damping  torque  coefficient  is  negative  and  destabilizing. 
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Figure  5.19  Components  of  the  torque  coefficients  induced  on  the  generator  for  the  op¬ 
erating  condition  (a)  Case  C  (the  PSS  Design  Case);  P  =  0.9,  Q  =  0.2  pu, 

(b)  a  ‘worst  case’  operating  condition,  Case  G  (outage,  two  lines);  P  =  0.9,  Q  —  -  0.07  pu. 


As  an  aside,  it  is  of  interest  to  ascertain  what  are  the  components  of,  or  the  contributions  to, 
the  inherent  torque  coefficients  by  individual  rotor  windings  given  a  set  of  generator  and  sys¬ 
tem  parameters  and  selected  operating  conditions.  With  shaft  dynamics  disabled  the  inher¬ 
ent  torque  and  its  components  are  calculated  from  (5.77)  in  Appendix  5— 1.3.2,  i.e. 

AAq  =  AjA5  +  K2A\\ij-d  +  K2lA\\idl  +  K22^qi  +  ^23^q2  > 

the  rotor  angle  and  flux  states  being  given  in  terms  of  the  input  speed  signal  by  (5.76).  The 
coefficient  K j  is  a  synchronbing  torque  coefficient  whereas  K2,  K2l,  K22  and  K2 3  are  torque 
coefficients  due  to  flux  linkages  associated  with  the  field,  direct- axis  and  the  two  quadrature- 
axis  windings.  The  inherent  synchronbing  and  damping  torque  coefficients  are  shown  in 
Figure  5.20  for  two  operating  conditions  with  all  lines  in  service,  P  —  0.9  pu  and  (a)  Q  —  0.2, 
and  (b)  Q  =  -0.07  pu  (outage,  two  lines);  these  conditions  are  the  same  as  in  Figure  5.19. 

In  the  leading  power  factor  operating  condition  ( Q  =  -0.07  pu,  Figure  5.20(b))  the  contribu¬ 
tions  to  the  damping  torque  coefficients  by  the  q-axis  windings  are  negligible,  however,  in 
Figure  5.20(a)  for  the  lagging  power  case  ( Q  =  0.2  pu)  they  are  significant.  The  field  and  d- 
axis  windings  tend  to  be  the  dominant  contributors  to  the  damping  torque  coefficients. 


While  it  is  possible  to  assign  to  each  of  the  damping  windings  a  contribution  to  the  torque 
coefficients,  concerns  over  the  validity  of  the  results  are  likely  to  arise  due  to  questions  re- 
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lating  to  the  accuracy  of  both  the  model  and  the  parameters  values  attributed  to  the  wind¬ 
ings.  The  frequency  dependence  of  the  damping  contribution  of  the  damping  windings 
emphasizes  the  importance  of  employing  higher-order  generator  models  to  adequately  rep¬ 
resent  the  damping  performance  of  power  systems. 
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Figure  5.20  Components  of  the  inherent  synchronizing  and  damping  torque  coefficients 
for  SMIB  system  for  generator  real  power  output  (a)  P  =  0.9,  Q  =  0.2  pu,  all  lines  in  service, 
and  (b)  P  =  0.9,  Q  —  -0.07  pu,  outage  of  two  lines. 


5.11  Performance  of  the  PSS  for  a  higher-order  generator  model 

Step  5  in  the  tuning  procedure  outlined  in  Section  5.8  is  ‘the  confirmation  of  the  validity  of 
the  design,  and  assessment  of  the  performance  of  the  PSS’. 


The  improvements  in  the  damping  of  the  rotor  modes  of  oscillation  due  to  the  operation  of 
the  PSS  are  revealed  in  Table  5.5  and  Figure  5.21. 
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Table  5.5  Effect  on  rotor  modes  with  PSS  in  service;  6th  order  generator  model. 
PSS  damping  gain  k  =  20  pu  on  machine  rating. 


Case 

Generator 

Output 

P,<2  pu 

Lines 

out  of 

service 

Eigenvalues,  rotor  mode 

Mode  shift 

with  PSS  out  of 

service 

with  PSS 

in  service 

A 

0.9,  -0.1 

none 

0.773  +  79.16 

-  1.156  ±79.51 

-  1.929  ±70.35 

B 

0.9,0 

none 

0.552  ±79.12 

-  1.271  ±79.31 

-  1.823  ±70.20 

C 

0.9,  0.2 

none 

0.261  ±79.02 

-  1.338  ±79.03 

-  1.599  ±70.02 

D 

0.9,  0.4 

none 

0.1 13  ±78.98 

-  1.305  ±78.93 

-  1.418+70.05 

E 

0.9,  -0.1 

one 

0.936  ± 78.48 

-0.632  ±78.64 

-  1.568  ±70.16 

F 

0.9,  0.3 

one 

0.245  ± 78.44 

-  1.042  ±78.34 

-  1.687  +70.10 

G 

0.9,  -0.07 

two 

0.927  ± 77.98 

-  0.409  ± 78.04 

-  1.336  ±70.06 

H 

0.9,  0.3 

two 

0.322  ±77.84 

-  0.774  ± 77.72 

-  1.096  +70.11 

J 

0.7,  -0.2 

none 

0.323  ± 79.06 

-  1.727  ±79.46 

-  2.050  ± 70.40 

K 

0.7,  0 

none 

-  0.065  ± 78.92 

-  1.770  ±78.94 

-  1.705  ±70.02 

L 

0.7,  0.2 

none 

-0.198  ±78.76 

-  1.579  ±78.66 

-  1.381  +70.10 

M 

0.7,  -0.2 

one 

0.493  ±78.41 

-  1.171  ±78.57 

-  1.664  ±70.15 

N 

0.7,  0.2 

one 

-0.096  ±78.18 

-  1.240  ±78.03 

_  1.144  +70.15 

It  is  informative  to  compare  these  results  for  the  6^  order  generator  model  with  those  in 

Figure  5.13  on  page  252  and  Table  5.2  for  the  3rc^  order  model.  The  left-shift  of  the  mode 
in  Table  5.5  for  Design  Case  C  is  1.60  Np/s,  which  agrees  well  both  with  that  the  Design 
Case  B  in  Table  5.2  and  with  the  predicted  left-shift  ky  (4 H)  =  1.67  Np/ s  for  a  SMIB  sys¬ 
tem  in  Section  5.9.3.  As  expected,  the  shift  in  the  associated  frequency  (co^  =  0.02  rad/s) 
in  Design  Case  C  is  minimal  for  the  reasons  discussed  in  the  latter  section. 

The  same  explanations  that  are  given  in  Section  5.9.3  for  the  nature  and  magnitude  for  the 
mode  shifts  are  also  applicable  to  the  6th  order  generator  in  a  SMIB  system.  In  the  results 
for  the  latter,  however,  there  are  some  additional  issues  to  consider;  these  are: 

•  At  a  lower  real  power  output,  i.e.  P  =  0.7  pu,  and  a  selected  reactive  power  output,  the 
rotor  mode  when  the  PSS  is  either  in-  or  out-of-service  is  better  damped  than  for 
P  =  0.9  pu,  e.g.  comparing  Cases  B  and  K  in  Table  5.5  for  all  lines  in  service.  This  is  to 
be  expected  as  the  corresponding  steady-state  rotor  angle  is  smaller  (see  Table  5.4  on 
page  263). 
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Figure  5.21  Rotor  mode  for  the  PSS  on  and  off  for  the  set  of  operating  conditions  given 
in  Table  5.5,  Cases  A  to  N.  The  Design  Case  is  Case  C.  The  upper  plot  is  for  P  =  0.9  pu,  the 

lower  for  P  =  0.7  pu. 

•  The  modal  frequencies  decrease  as  one  and  then  two  lines  are  taken  out  of  service  - 
with  the  result  that  the  series  impedance  of  the  transmission  system  increases.  This 
matter  was  observed  in  Section  5.4  based  on  a  simple  analysis  of  the  factors  that 
determine  the  real  and  imaginary  parts  of  the  rotor  mode. 

•  It  is  observed  in  Figures  5.13  and  5.21  that,  with  PSSs  off,  the  most  poorly  damped 
rotor  mode  is  associated  with  the  most  leading  power-factor  condition.  However,  a 
characteristic  of  the  P-Vr  tuning  approach  is  that  the  gain  in  the  P-Vr  characteristics  is 
greatest  for  this  condition.  As  illustrated  in  Figure  5.21  the  net  result  with  the  PSS  in 
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service  is  that  the  left-shift  in  the  rotor  mode  is  greatest  for  the  leading  power  factor 
condition  -  a  desirable  and  beneficial  outcome. 

The  discussion  so  far  has  considered  real  power  outputs  at  or  near  rated  values.  The  ques¬ 
tion  arises:  how  does  the  PSS  perform  at  lower  values  of  real  power  outputs?  To  illustrate 
the  answer,  the  P-Vr  characteristics  and  the  rotor  modes  of  oscillation  are  also  calculated  at 
real  power  outputs  at  P  =  0.9,  0.7,  0.5,  0.3  and  0.1  pu,  all  at  unity  power  factor.  The  P-Vr 
characteristics  are  shown  in  Figure  5.22  together  with  that  for  the  Design  Case  C  (P  =  0.9, 
Q  —  0.2  pu).  The  associated  rotor  modes  with  and  without  the  PSS  in  service  are  listed  in 
Table  5.6. 

Table  5.6  Shifts  in  rotor  modes  at  lower  real  power  outputs  with  PSS  in  service. 

PSS  damping  gain  k  =  20  pu  on  machine  rating. 


Case 

Generator 

Output, 

pu 

P,Q  pu 

Lines 

out  of 

service 

Eigenvalues,  rotor  mode 

Mode  shift 

with  PSS  out  of 

service 

with  PSS 

in  service 

B 

0.9,  0 

none 

0.552±/9.12 

-  1.271  ±79.31 

-  1.823  ±70.20 

K 

0.7,  0 

none 

-0.065  ±y'8.92 

-  1.770  ±78.94 

-  1.705  ±70.02 

R 

0.5,  0 

none 

-0.539  ±y8.50 

-  1.874  ±78.36 

-  1.335  =f  70.14 

S 

0.3,  0 

none 

-  0.779  ± 78.04 

-  1.610  ±77.89 

-  0.831  + 70.15 

T 

0.1,  0 

none 

-0.816  ±77.77 

-  1.121  ±77.70 

-0.305  +70.07 

C  (Ref) 

0.9,  0.2 

none 

0.261  ±79.02 

-  1.338  ±79.03 

-  1.599  ±70.02 

Based  on  Table  5.6  let  us  consider  the  performance  of  the  system  with  the  PSS  out-of-ser¬ 
vice  as  the  real  power  output  is  decreased  at  unity  power  factor.  The  rotor  mode  is  stable 
for  real  power  outputs  of  0.7  pu  or  less.  With  further  reduction  in  real  power  the  damping 
improves;  for  power  outputs  less  than  0.5  pu  the  damping  performance  criterion  stated  in 
Section  5.8.5  is  satisfied,  namely,  that  the  real  part  of  the  rotor  mode  should  be  more  nega¬ 
tive  than  -0.5  Np/ s.  In  fact,  at  the  lower  power  levels  in  this  example,  PSS  action  may  not 
be  required  -  but  this  depends  on  the  encompassing  range  of  operating  conditions. 

For  real  power  outputs  between  0.9  and  0.5  pu,  Figure  5.22  reveals  that  the  magnitude  and 
phase  responses  in  the  P-Vr  characteristic  lie  in  a  relatively  narrow  band,  the  centre  of  which 
is  the  design  characteristic,  Case  C.  The  shifts  in  the  rotor  modes  due  to  the  action  of  the 
PSS  are  listed  in  Table  5.6.  The  explanation  for  the  extent  of  the  mode  shifts  in  the  power 
range  is  similar  to  that  given  in  Section  5.9.3.  For  real  power  outputs  less  than  0.5  pu  the  left 
shift  of  the  mode  reduces  significantly  with  reduction  in  power  output.  This  is  due  to  the 
gain  of  the  associated  P-Vr  characteristics  reducing  significantly  below  that  of  the  Design 
Case  characteristic  .  Nevertheless,  the  damping  of  the  rotor  mode  for  lower  power  levels 
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below  0.5  down  to  0.1  pu  is  markedly  enhanced.  Typically,  in  practice,  the  PSS  may  be 
switched  out  of  service  for  real  power  levels  less  than  ~0.3  pu. 


Frequency 
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B: 
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C: 

Reference 

Figure  5.22  P-Vr  characteristics  for  the  SM1B  system  for  real  power  outputs  from  0.1  to 

0.9  pu  at  unity  power  factor. 

While  the  effect  of  the  variation  of  the  real  power  output  on  the  P-Vr  characteristic  is  noted, 
information  concerning  the  effect  of  reactive  power  output  on  the  characteristic  may  be  de¬ 
duced  from  Figure  5.16  on  page  265.  From  the  figure  for  the  system  in  this  example  and 
loading  conditions  (P  =  0.9  &  0.7  pu)  it  can  be  deduced  that,  at  constant  real  power  output, 
(i)  the  magnitude  responses  of  the  P-Vr  transfer  function  typically  lie  within  a  band  of  ±2 
dB  about  the  Design  Case  C,  (ii)  the  phase  responses  lie  within  a  band  of  ±10°  over  the 
range  of  modal  frequency.  It  may  also  be  observed  that  the  magnitude  responses  at  constant 
real  power  decrease  as  the  power  factors  change  from  maximum  leading  to  maximum  lag¬ 
ging.  The  two  effects  on  the  P-Vr  characteristics  of  the  variations  in  real  and  reactive  outputs 
are  explained  in  the  context  of  multi-machine  systems  in  Chapters  9  and  1 0.  It  is  interesting 
to  examine  the  relation  between  the  P-Vr  characteristics  of  Figure  5.16  and  the  plots  in 
Figure  5.21. 


1.  The  reason  for  the  nature  of  the  P-Vr  gain  variation  is  discussed  in  Section  9.4.1. 
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Due  to  the  basis  of  selection  of  the  synthesized  P-Vr  for  Design  Case  the  PSS  transfer  func¬ 
tion  is  robust  -  for  practical  purposes  -  to  changes  in  operating  conditions  at  the  higher  val¬ 
ues  of  generator  real  power  outputs,  together  with  variations  in  reactive  power,  was  pointed 

out  in  Section  5.9.3  \  The  results  of  further  studies  as  revealed  in  Figures  5.16  and  5.22,  also 
demonstrate  the  robustness  of  the  PSS  design  to  wide  variations  in  operating  conditions. 
The  two  effects  on  the  P-Vr  characteristics  of  the  variations  in  real  and  reactive  outputs  are 
explained  in  the  context  of  multi-machine  systems  in  Section  9.4.1;  the  robustness  of  fixed- 
parameter  PSSs  and  an  associated  theoretical  basis  for  robustness  are  discussed  further. 


5.12  Alternative  form  of  PSS  compensation  transfer  function 


In  Section  5.10.6.2  the  compensation  transfer  function  for  the  PSS  included  a  pair  of  com¬ 
plex  zeros  to  represent  the  inverse  of  the  P-Vr  transfer  function.  Referring  to  (5.49)  and  ig¬ 
noring  the  gain  kc  =3.84  for  present  purposes,  the  relevant  transfer  function  is 


1  +S0.0895  +  s1 20.00277 
(1+50.005)(1  +s0.005)' 


(5.56) 


The  frequency  response  plot  for  this  PSS  transfer  function  is  shown  in  Figure  5.23. 


A  practical  PSS  may  not  be  capable  of  accepting  complex  zeros,  moreover,  time  constants 
of  5  ms  may  be  too  short  to  implement  in  either  a  digital  or  analog  PSS.  Alternatively,  let  us 
assume  the  transfer  function  may  be  represented  by  a  set  of  lead  blocks  of  the  form: 

k  O+sT.) 

Gc(s)  =  J“[  - ,  in  which  the  zeros  are  real  and  Tnk  >  Tdk .  (5.57) 

;  ( 1  ’  sTdk) 


The  alternative  transfer  function  in  (5.57)  is  required  not  only  to  increase  the  values  of  the 
time  constants  Tdk  in  the  denominator  of  the  transfer  function  in  (5.56)  but  also  to  provide 
the  phase  lead  determined  from  the  P-Vr  characteristic  over  the  range  of  modal  frequencies, 
1.5  -  15  rad/s.  A  third-order  lead  transfer  function  is  found  which  closely  matches  the  fre¬ 
quency  response  over  the  desired  modal  frequency  range  as  shown  in  Figure  5.23: 


Gc(s) 


~1  +  0.0438V13 
_1  +0.0158s_ 


~1  +s/22.8l3 
_1  +  s/63.3_ 


(5.58) 


1.  For  operating  conditions,  P  =  0.9  and  0.7  pu,  the  magnitude  of  the  P-Vr  transfer  func¬ 
tions  consistently  lie  within  a  band  of  ±2  dB,  that  is,  by  factors  of  1.26  and  0.79  (see 
Figure  5.16).  In  the  case  of  the  SMIB  system  this  provides  confidence  that  for  practical 
purposes  the  left-shifts  of  the  rotor  mode  over  the  encompassing  range  of  operating  con¬ 
ditions  will  lie  in  the  range  1.26:1  and  0.79:1. 

2.  See  item  3  of  Section  1.2 
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Frequency  (rad/s) 

-  Complex  zeros  —  —  ■  Lead  blocks 

Figure  5.23  Frequency  response  of  the  PSS  second-order  transfer  function 
when  its  zeros  are  complex  or,  alternatively,  when  the  transfer  function  is 
implemented  by  three  lead  blocks. 

The  maximum  deviation  of  the  latter  frequency  response  from  that  of  that  derived  from 
(5.56)  is  [0.8  dB,  1.3  °]  at  10  rad/ s  and  [1.1  dB,  5.9°  ]  at  15  rad/ s.  Although  the  denominator 
time  constants  are  increased  from  5  ms  to  16  ms,  a  further  increase  in  these  time  constant 
may  impact  deleteriously  on  the  desired  frequency  response  of  the  compensation  in  the 
range  of  modal  frequencies.  It  is  also  noted  in  Figure  5.23  that  the  gain  at  high  frequencies 
in  the  alternative  compensation  is  reduced  for  torsional  frequencies  above  100  rad/s  (~16 
Hz).  The  concern  that  the  high  frequency  gain  in  the  PSS  might  excite  such  modes  is  over¬ 
come  in  the  ‘integral-of-accelerating-power  PSS’  by  means  of  a  pre-filter,  a  purpose  of  which 
is  to  significantly  attenuate  the  torsional  modes  (see  Section  8.5). 

5.13  Tuning  an  electric  power-PSS  based  on  the  P-Vr  approach 

In  [14]  the  authors  highlight  an  electric -power  based  PSS  that  does  not  require  the  imple¬ 
mentation  of  a  phase-lead  transfer-function  network.  The  power-based  PSS  may  have  some 
attraction  (i)  in  cases  where  only  the  damping  of  local  modes  is  of  concern;  (ii)  in  a  PSS  for 

I 

which  the  number  of  blocks  may  be  restricted  .  It  is  sometimes  the  case  too  that  a  unit  is 
provided  with  a  power  input  PSS  even  in  situations  where  this  would  not  have  been  the  pre¬ 
ferred  choice.  The  P-Vr  approach  of  Sections  5.8.1  to  5.8.5  can  also  be  applied  to  the  tuning 


1.  An  alternative  approach  to  tuning  a  power-based  PSS  is  described  in  Section  8.3. 
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of  this  type  of  PSS  with  the  advantages  revealed  earlier,  namely  that  the  procedure  is  system¬ 
atic  and  the  value  of  the  PSS  gain  is  a  meaningful  quantity  -  it  is  also  the  damping  gain  de¬ 
fined  in  Section  5.4. 

In  the  following  the  transfer  function  of  the  power-PSS  is  derived  and  assumes  that  the 
number  of  blocks  in  the  PSS  is  restricted.  The  analysis  commences  with  equation  (5.21) 
which  is  employed  in  development  of  the  P-Vr-based  speed-PSS  in  Section  5.8.1.  The  latter 
equation  is  based  on  an  ideal  PSS  developing  a  damping  torque  proportional  to  rotor  speed 
and  takes  the  form: 


A  P2  A  P2 

..  , ,  =  *°>  =  AF 

AV  =  0  sdd  s 


z^pu’ 


(5.59) 


sdd 


assuming  the  shaft  dynamics  are  disabled  ( sdd)  on  all  generators;  kco  is  a  damping  torque 
coefficient.  (It  is  seen  from  Figure  5.9  that  A P2/ AV  and  AP7/ AVs  are  the  same  transfer 
functions.) 


The  term 


AP, 

AV,. 


AV,. 


is  identified  as  the  P-Vr  characteristic  Hpv  (s)  and  — —  the  transfer 

1  v '  Aco 


sdd 


function  of  the  speed-PSS;  ka  is  also  the  damping  gain,  Gca(s)  is  the  compensation  trans¬ 
fer  function  of  the  speed-PSS.  That  is: 

AP2\  =  HpVr(s)  ■  k  G  (s)  ■  Aco  ((5.21)  repeated)  (5.60) 

AF.  =  0|  sdd 


Based  (4.59)  the  equation  of  rotor  motion  derived  for  the  case  when  the  perturbations  in 
mechanical  power  are  zero  is 


2HsAa>  =  -A P  =  -A P~  pu  or  Aco  =  —  •  A P1 . 

e  z  2  Hs 


The  substitution  for  Aro  from  (5.61)  in  (5.59)  yields: 


A  P2 
Aro 


=  2  Hs 


AVr=0\ sdd 


A  P2 
AV. 


(-1) 


A  P^ 


(5.61) 


(5.62) 


sdd 


In  the  above  equation  the  term 


AV„ 


AP, 
A  V  „ 


may  be  identified  as  HpVr(s) ,  the  P-Vr  transfer 


sdd 


function,  and  — — 1  identified  as  the  transfer  function  of  the  power-PSS. 

L A 
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A  P1 
Aro 


=  k. 


Strictly,  over  the  range  of  modal  frequencies  of  interest  we  require 

AVr  =  0\  sdd 

Furthermore,  in  order  to  attenuate  low  and  high  frequencies  responses  outside  the  range, 
washout  and  the  low-pass  filters  are  added,  i.e. 

AP,  . 

"co  n  )  u  j.  „r  )  u  x„t  ;  ’  (5.63) 


/-  f  ST 1  ) 

f  STl  \ 

f  1  ) 

AV  =  0\sdd  W 

U+sT^ 

U+STrJ 

LF 

By  equating  (5.62)  and  (5.63),  the  transfer  function  of  the  power  PSS  is  determined,  namely: 


PSS, 


power 


AP-, 


=  -k. 


sT 


1  +sT 


sT-, 


1  +sT. 


1 


1  +sT, 


1/ 


2 1  Is 


A P_2 

A  V,. 


sdd 


.  (5.64) 


For  the  Design  Case  (e.g.  Case  C  in  Section  5.10.6)  the  P-Vr  transfer  function 


A  P2 

aF 


is 


sdd 


calculated  as  in  Sections  5.8.1  to  5.8.3.  The  ‘extended  P-Vr  transfer  function’, 
A  P, 


Ills 


AV„ 


,  is  then  derived  by  curve-fitting.  Let  us  assume  that  synthesized  transfer  func- 


sdd 


tion  is  of  the  simple  form  As/(  1  +  Bs) .  The  resulting  transfer  function  of  the  fixed-param¬ 
eter  power-PSS  can  be  then  be  formed,  i.e.: 

ra  W*>  -  ■  G TJf-)  '  (ir^)  ■  (5-65> 

Note  that,  because  of  negation  in  the  power-PSS  path  of  (5.64),  the  signal  AF?  is  fed  into 

1 

the  summing  junction  with  a  positive  sign  . 


5.13.1  Example  5.6:  Tuning  of  a  power-based  PSS 

Case  C  (the  ‘Design  Case’),  and  the  more  extreme  cases,  Cases  A,  G  and  H  in  the  SMIB  sys¬ 
tem  of  Section  5.10.5  and  Table  5.4  are  used  to  demonstrate  the  tuning  of  a  power-PSS. 


The  P-Vr  characteristic  for  the  Design  Case  C,  shown  in  Figure  5.24(a),  is  combined  with 


the  transfer  function  2 Hs  to  form  the  ‘extended  P-Vr’,  XPVr(s),  2 Hs  ■ 


A  P2 
AG 


;  the  P-Vr 


sdd 


and  the  XPVr  are  also  shown  in  Figure  5.24(a).  The  synthesized  transfer  function  of 
XPVr(s)  -  which  results  from  curve  fitting  -  is  shown  in  the  same  figure  and  found  to  be 

XPVr(s)  =  As/(\+Bs)  =  27.1s/(l  +  0.108s) .  (5.66) 


1.  A  similar  phenomenon  occurs  with  the  speed-PSS.  See  Section  5.8.1. 
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Assuming  the  damping  gain  is  ka  =  20  pu  on  generator  rating,  and  that  the  time  constants 
of  the  washout  and  low-pass  filters  are  5  s  and  0.01  s  respectively,  the  transfer  function  of 
the  power-PSS  based  on  Design  Case  C  is: 


PSS 


power 


f  s5  ) 

65/27. D 

61  +  .?0. 108^j 

U+s5J 

V  1  +  s57 

V  1  +^0.01^ 

(5.67) 


For  comparison,  the  transfer-function  of  speed-PSS  derived  in  Section  5.10.6.2  is 


Hpss(s^  ^0 ' 


s5  1  1+  sQ.0895  +  j20.00277 

1  +s5  '  3.84  '  (1  +.?0.005)(1  +^0.005) 


.  ((5.49)  repeated) 


(5.68) 


The  eigenvalues  for  the  four  cases  with  the  speed-  and  power-PSSs  out-  and  in-service  are 
calculated;  these  are  listed  in  Table  5.7. 


Frequency  (rad/s) 


Extended  PVr:  XPVr 
Curve  fitted  XPVr 
PVr 

(a) 


Frequency  (rad/s) 

A:  Q=-0 . 1 - C:  Q=0 .2 

G:  Q=-0 . 07  —  —  H:  Q=0 . 3 

Speed-PSS,  Case  C:  Q=0.2 

(b) 


Figure  5.24 

(a)  Case  C:  P-Vr,  the  extended  P-Vr  (XPVr),  and  the  synthesized  characteristic  of  XPVr(s) 
(b)  Synchronizing  and  damping  torque  coefficients  induced  by  the  power-PSS. 

Cases  A  and  C:  All  lines  in  service;  Cases  G  and  H:  Two  lines  out.  For  comparison  the 
torque  coefficients  of  the  speed-PSS  for  Case  C  from  Figure  5.17  are  also  plotted. 
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Table  5.7  Rotor  modes  with  speed-  and  power-PSS  in  service;  6th  order  generator 
model.  PSS  damping  gain  km  =  20  pu  on  machine  rating., 


Case 

Generator 
Output 
P,Q  pu 

lines 

out  of 

service 

Eigenvalues,  rotor  mode 

with  PSS  out  of 

service 

with  speed-PSS 
in  service 

with  power-PSS 
in  service 

A 

0.9,  -0.1 

none 

0.773  +  /9.16 

-  1.156  ± y'9.51 

-  1.443  ± y'9.53 

C 

0.9,  0.2 

none 

0.261  ±  y'9.02 

-  1.338  ± y'9.03 

-  1.524  ±y8.95 

G 

0.9,  -0.07 

two 

0.927  ± y'7.98 

-  0.409  ± y'8.04 

-0.465  ± y'7.98 

H 

0.9,  0.3 

two 

0.322  ±/7.84 

-  0.774  ±  jl .12 

-0.809  ±y7.65 

Note  in  Table  5.7  that  the  rotor  mode  shifts  for  both  types  of  PSS  are  direcdy  to  the  left. 
However,  it  is  observed  that  the  left-shifts  due  to  the  power-PSS  are  greater  than  those  of 
the  speed-PSS.  The  differences  arise  due  to  (i)  mismatches  between  the  XPVr  characteristic 
based  on  Case  C  and  the  fitted  transfer-function  XPVR(s),  (ii)  differences  between  the  P-Vr 
characteristics  of  Design  Case  C  and  the  other  (more  extreme)  cases  as  seen  in  Figure  5.16. 

In  the  case  of  the  speed-PSS  the  induced  damping  torque  coefficients  in  the  PSS  path, 
shown  in  Figure  5.17  for  Cases  C  and  G,  are  20  and  18  pu  over  a  modal  frequency  range  2 
to  1 5  rad/ s.  The  question  arises:  what  are  the  corresponding  characteristics  of  the  damping 
torque  coefficients  for  the  power-PSS? 

The  characteristics  of  the  synchronizing  and  damping  torque  coefficients  for  the  power-PSS 
are  illustrated  in  Figure  5.24(b)  for  the  four  cases  when  the  damping  gain  is  20  pu.  At  the 
rotor  modal  frequencies  of  7.5  to  9.5  rad/s  the  damping  torque  coefficients  range  from  14 
to  26  pu.  The  reasons  for  the  differences  between  the  damping  torque  coefficients  for  Case 
C  and  the  other  cases  are  as  explained  above  for  the  greater  rotor-mode  shifts  by  the  power- 
PSS.  The  torque  coefficients  for  a  speed-PSS  based  on  Case  C  are  shown  in  Figure  5.24(b) 
for  comparison. 

However,  in  a  multi-machine  scenario  with  inter-area  modal  frequencies  above  2  rad/s, 
damping  torque  coefficients  exceeding  1 1  pu  are  potentially  induced  by  the  power-PSS  for 
the  worst-case  operating  condition  (H).  Adjusting  the  damping  gain  setting  from  20  pu  will 
raise  or  lower  the  damping  torque  coefficients  and  likewise  modify  the  left-shifts  of  the  rotor 
mode. 

Note  that:  (i)  In  synthesizing  the  power-PSS  difficulties  may  occur  in  finding  a  simple  curve- 
fitted  transfer  function  for  the  XPVr  due  to  the  shape  of  P-Vr  and  the  modal  frequencies  of 
interest,  (ii)  As  will  be  discussed  in  Chapter  8,  power-PSSs  may  cause  terminal  voltage  and 
reactive  power  swings  due  to  changes  and  ramping  of  mechanical  power  [15].  Reducing  the 
washout  time  constant  from  5  s  in  the  latter  example  may  alleviate  this  problem. 
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5.14  Summary:  P-Vr  approach  to  the  tuning  of  a  fixed-parameter  PSS 

The  P-Vr  approach  provides  a  systematic  and  consistent  method  for  tuning  PSSs  for  a  se¬ 
lected  set  of  encompassing  operating  conditions.  It  possesses  the  following  features. 

1 .  The  aim  of  the  PSS  tuning  procedure  is  to  introduce  on  the  generator  shaft  a  damp¬ 
ing  torque  (a  torque  proportional  to  machine  speed);  this  causes  the  modes  of  rotor 
oscillation  to  be  shifted  to  the  left  in  the  complex  r-plane. 

2.  The  PSS  compensation  transfer  function  Gc(s )  is  tuned  to  achieve  a  direct  left-shift 
in  the  complex  r-plane  of  the  relevant  modes  of  rotor  oscillation. 

3.  The  damping  gain  k  (pu  on  machine  rating)  of  the  PSS  determines  the  extent  of  the 
left-shift. 

4.  The  damping  torque  coefficient  contributions  induced  by  the  PSS  can  be  designed 
to  be  constant  (‘flat’)  over  a  desired  range  of  local-  and  inter-area  modal  frequencies 
(e.g.  as  in  Figure  5.17).  The  damping  gain  should  be  selected  to  ensure  that  the 
damping  torque  coefficients  swamp  any  inherent  negative  contributions  by  the  gen¬ 
erator  over  the  range  of  operating  conditions. 

5.  If  the  above  features  are  realized  the  PSS  transfer  function  kGc(s )  is  said  to  be 
robust  (see  item  3,  Section  1.2). 

The  analysis  of  the  P-Vr  approach  to  the  tuning  of  fixed-parameter  speed-PSS  and  its  im¬ 
plications  for  a  single -machine  infinite-bus  system  have  demonstrated  the  following. 

1 .  For  practical  purposes,  the  phase  response  of  the  P-Vr  is  more-or-less  invariant  over 
an  encompassing  range  of  operating  conditions.  Similarly,  at  the  higher  real  power 
outputs,  typically  0.5  to  1  pu  of  rated  power,  the  magnitude  response  retains  its 
shape  and  consistently  lies  in  a  band  of  ±2  dB  of  the  Design  Case  P-Vr  characteris¬ 
tic.  The  PSS  based  upon  the  generator’s  P-Vr  characteristics  is  robust  because  it 
induces  positive  damping  torque  coefficients  on  the  shaft  of  the  generator  over:  (i) 
the  defined  range  of  modal  frequencies,  (ii)  the  encompassing  range  of  N  and  IV- 1 
operating  conditions,  (iii)  a  range  of  leading  and  lagging  power  factors. 

2.  At  higher  levels  of  generator  real  power  output  the  magnitude  and  phase  of  the  P-Vr 
frequency  response  characteristics  lie  in  relatively  narrow  bands  for  a  wide  range  of 
operating  conditions.  This  permits  the  selection  of  a  Design  Case  whose  magnitude 
and  phase  response  are  within  the  band. 

3.  In  the  following  chapters  it  is  recommended  that  system  studies  be  conducted  over  a 
“wide  range  of  operating  conditions”.  The  selection  of  the  “Design  Case”  should  be 
representative  of  the  P-Vr  characteristics  for  a  set  of  operating  conditions  which 
encompasses  the  extreme  range  of  operation,  including  the  most  leading  and  lagging 
reactive  power  output  conditions.  That  is,  by  a  prudent  choice  of  an  encompassing, 
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representative  set  of  N  and  N- 1  operating  conditions  a  fewer  number  of  studies  may 
be  required  to  determine  the  selection  of  the  “Design  Case”. 

4.  The  selection  of  the  Design  Case  may  be  biased  by  experience,  e.g.  power  factors 
less  than  0.98  leading  are  very  unlikely  to  occur. 

5.  The  formulation  of  a  PSS  ‘damping  gain’  (in  pu  on  machine  MVA  rating)  has  the 
advantages,  (i)  it  is  the  damping  torque  coefficient  induced  on  the  generator  over  the 
design  range  of  modal  frequencies;  (ii)  it  is  a  meaningful  number  -  a  moderate  damp¬ 
ing  gain  is  20-30  pu,  high  values  exceed  30  to  50  pu.  The  term  ‘PSS  gain’  lacks  mean¬ 
ing  unless  it  is  clearly  defined  on  such  a  basis. 

6.  As  the  operating  conditions  change  the  inherent  damping  torque  coefficients  can 
vary  from  significant  negative  to  large  positive  values  over  the  modal  frequency 
range  of  concern.  By  adjustment  of  the  damping  gain  such  negative  torques  must  be 
swamped  by  the  positive  damping  coefficients  induced  by  the  PSS. 

7.  An  alternative  PSS  tuning  approach  is  the  GEP(s)  method  (see  Chapter  6).  It 
employs  the  phase  characteristics  of  the  P-Vr  method  but  provides  no  information 
or  guidance  on  the  selection  of  the  PSS  gains.  The  extension  of  the  analytical 
approach  to  the  GEP(s)  to  include  the  additional  information  available  from  the  P- 
Vr  method  is  a  simple  further  step. 

8.  It  is  shown  in  Section  5.10.6.2  that  the  compensation  transfer  function  for  the 
speed-PSS  may  include  a  pair  of  complex  zeros  to  represent  the  inverse  of  the  P-Vr 
transfer  function.  A  practical  PSS  may  not  be  capable  of  accepting  complex  zeros, 
however,  it  is  shown  the  transfer  function  may  be  represented  by  a  set  of  lead  blocks 
of  the  form  ( 1  +  sTnf)/ ( 1  +  sT(lk) ,  in  which  the  zeros  are  real  and  Tnk  >  Tdk- 

9.  In  the  tuning  of  speed-PSSs  a  trade-off  may  need  to  be  found  between  the  modal 
frequency  range  of  interest,  the  possible  high  gain  of  the  PSS  compensation  transfer 
function  at  higher  frequencies,  the  low-pass  filter  parameters,  and  the  attenuation  of 
the  torsional  modes.  Use  of  notch  filters  [9],  or  employing  integral-of-accelerating- 
power  PSSs  (Section  8.5),  may  overcome  some  of  these  issues.  In  the  case  of  hydro¬ 
generators  no  adverse  interaction  between  the  generator  and  the  network  at  the  tor¬ 
sional  modal  frequencies  have  been  reported  [9], 

10.  A  comprehensive  evaluation  of  PSS  performance  must  include  consideration  of  the 
response  of  the  system  to  large  disturbances  (i.e.  transient  stability  analysis).  This 
aspect  has  been  omitted  from  this  chapter  which  has  focussed  on  fundamental  con¬ 
cepts  but  is  examined  briefly  in  Section  10.9.  The  settings  of  limiters  on  the  output 
of  the  PSS  are  not  considered. 

11.  It  is  shown  in  Section  5.13  that  the  P-Vr  approach  for  tuning  a  speed-PSS  can  be 

adapted  to  the  tuning  of  a  power-based  PSS  .  The  same  advantages  of  the  speed- 
PSS  apply  to  power-PSS;  for  example,  the  procedure  is  systematic,  the  value  of  the 
PSS  gain  is  a  meaningful  quantity  -  it  is  also  a  damping  gain.  An  advantage  of  this 
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power-PSS  is  that  it  does  not  require  the  implementation  of  a  phase-lead  transfer- 
function  network.The  power-PSS  may  be  more  relevant,  say,  to  cases  for  which  a 
simple  PSS  is  required  for  damping  a  local  mode,  when  the  number  of  blocks  pro¬ 
vided  for  implementing  the  PSS  is  limited,  a  speed-stabilizing  signal  is  not  readily 
available,  etc. 

Other  benefits  of  the  P-Vr  approach  will  become  evident  when  (i)  the  GEP  and  the  Method 

of  Residues  are  discussed  in  Chapter  6,  and  (ii)  multi-machine  systems  are  analysed  in 

Chapter  10. 
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Appendix  5—1 

App.  5—1.1  K-coefficients,  Heffron  and  Phillips  Model  of  SMIB  Sys¬ 
tem 

The  steady-state  values  of  variables  are  designated  with  the  subscript  ‘O’.  All  quantities  are 
in  per-unit  except  angles  are  in  degrees.  Computation  of  the  initial  conditions  is  based  on 
solution  of  the  SMIB  model  equations  given  in  the  Appendix  of  [1]. 

Source  voltage  of  the  Thevenin  equivalent  of  the  system  connected 
at  the  generator  terminals. 

Generator  terminal  voltage. 

Direct  and  quadrature  components  of  the  terminal  voltage. 

Direct  and  quadrature  components  of  the  generator  current. 

Voltage  behind  quadrature-axis  reactance  of  the  generator. 

Angle  between  the  quadrature  axis  of  the  generator  and  the  infinite  bus. 

Resistance  and  reactance  of  the  Thevenin  equivalent  of  system  connected 
at  the  generator  terminals. 

A  =  r;  +  {xe+X'd)-(Xq  +  xe) 

Kl  =  (Eq0Vb[reSm80  +  (xe  +  X'd)CoS80]yA  +  ... 
iq0Vb(Xq-X'd)[(xe  +  Xg)Sm80-reco  s50]/T 

K2  =  reEq0/A  +  iq0[l+(xe+Xq)(Xq-X'd)/A] 

K3  =  [1  +(xe  +  Xq)(Xd-X'd)/Afl 

X4  =  (Vb(Xd-X'd)[(xe  +  Xq)sin80-recos80])/A 

K5  =  Vb(ed0/et0)Xq[resm80  +  (xe+ X' d)cos50]/A  +  ... 

Vb(e<jO/eto)X'd[recosdO  -  (xe  +  Xq)sin80]/A 


Vb 

et0 

ed0>  eq0 

idO ’  iqO 
EqO 

So 

re,xe 


Ke  =  (eq0/et0)[l-X'd(xe  +  XqVA]  +  reXq(ed0/et0)/A 
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App.  5-1.2  Transfer  function  of  the  SMIB  system  with  closed-loop 
control  of  terminal  voltage 

Based  on  Figure  5.1  for  the  Heffron  and  Phillips  model  for  the  SMIB  system  with  closed- 
loop  voltage  control,  the  transfer  function  for  the  terminal  voltage  response  to  perturbations 
in  reference  voltage  is: 


AK, 

AF;. 


~MK3K6  +  sDK3K6  +  o3oK3(KlK6-K2K5) 


s  «4  +  s  a3  +  s~a2  +  +  a0 


(5.69) 


where  the  damping  torque  coefficient  D  —  0. 


a4  C3  T'doTex’ 


h  C3  T'do  +  C2Tex’ 


3  2  c2  +  TexC  1  +  MK2K6Kex  ’ 


a\  cl+ (o0Texc0  + DK3K6Kex,  A0 


^0  +  K3Kex(KlK6-K2K5)], 


c3  =  MK3,  c2=M  +  DK3T'do,  c1  =  o>oKiK3T'do,  c0  =  K^K^K,. 

The  K-coefficients  are  listed  in  Appendix  5—1.1 

App.  5-1.3  Model  of  the  6th-order  generator  and  excitation  system 
App.  5-1. 3.1  State-space  model 

In  Section  12.6  of  [9]  the  state-space  model  of  a  6th-order  generator  model,  having  one  and 
two  damper  windings  on  the  direct  and  quadrature  axes,  respectively,  is  developed.  It  is  of 
the  form: 


x (t)  =  A  ■  x(t)  +  B  ■  u{t) ,  y(t)  =  C  ■  x(t)  +  D  ■  u(t ) .  Thus, 
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(5.70) 


The  elements  of  the  A-  and  ^-matrices  are  defined  in  Section  12.6  of  [9], 

Elements  ap  to  a16  are  functions  of  Kl ,  AT, ,  K2i,  K22  and  K13,  respectively  (see  equations 
12.171  to  12.183,  [9]). 
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The  elements  a2j,  a4;,  a5j,  a6j  are  functions  of  the  generator  parameters.  Note,  in  equation 


12.179  of  [9] 


«44 


R  ads 

L\ d  ^  L\d 


+  nijL 


The  terminal  voltage  is  given  by  equation  12.185  of  [9]: 

AV(  =  K5A8  +  K6A\\Tj-d  +  K6lA\\r  ld  +  K62A\\i  l(j  +  K63A\\i2q , 


(5.71) 


where  Ks  =  -j^{-Ram  x  +  L,nl  +  n  lL"  }  +  j2{-L,ml-Ranl  +  m  lL"  ads}  : 

^70  ^ f0 

K6  =  ^{-Ram2  +  Lln2  +  n2L" aqS)  +  -r\-Llm2~Ran2  +  L" adS[r~  ~m: 
nt0  nto{  Kljfd 
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nt  0  1 


"aqs{r~  ~  ”4)  I  +  ]fi-Llm4-Ran4-m4L"adJ’ 
^1  q  J  nt0 

n5~l"  aqS{T-  ~  ns)}+  -^{-Llm5-Ran5~m5L"  ads}' 
q  J  ^70 


The  coefficients  m  j . . .  w5,  n  j . .  .;?5  are  defined  in  Section  12.6  of  [9],  The  transfer  function 
of  a  first-order  excitation  system  of  the  form  shown  in  Figure  5.7  on  page  239  is 

AEfd  =  TT^x^Vr~  AV<  +  AVs),  (5- 72) 

where  A E^d  is  the  field  voltage  (pu),  and  AVS  in  the  output  from  a  PSS,  if  fitted. 

The  time-domain  form  of  (5.72)  is 

A Efd  =  ~  y—AEfd  +  y±(AVr-  AVt  +  AVJ  ,  or 
1  ex  1  ex 

A  Efd  —  a-yjAE j-d  +  a22  A8  +  a22A\\i^d  +  a2^A\\j  d^  +  a-j^A\\i^^  +  aj^A\\i^2  + 

+  b12(  AVr  +  AVs) 


(5.73) 
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where  «71  =  0,  a12  =  ~K5Kex/Tex,  aJ3  =  ~K6Kex/Tex,  «74  =  ~K6lKex/Tex, 

a75  =  ~K62Kex/ Tex’  a76  =  ~K63Kex/Tex’  a77  =  ~^^Tex’  b 72  =  Kex/Tex'  (5-7z0 
Augmenting  the  state-space  model  (5.72)  with  (5.73),  the  equation  for  the  model  becomes: 
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Note,  the  element  a31  assumes  the  value  of  b 32  ®0 Rfd/Ladu  in  (5-70). 

App.  5-1. 3. 2  Calculation  of  the  inherent  torque  coefficients. 

In  Section  5.3  it  was  noted  for  the  SMIB  system  that  the  synchronizing  and  damping  torque 
coefficients  can  be  calculated  from  the  transfer  function  APQ(s)/ Aa>(s)  given  by  (5.9)  on 
page  229  with  the  shaft  dynamics  disabled.  For  the  6th-order  generator  model  a  new  set  of 
ABCD  matrices  is  formed  by  (ii)  eliminating  the  first  row  in  (5.75)  and  (ii)  expressing  the 
electrical  torque  A P0  as  output  and  the  speed  signal  Aco;.  as  input,  i.e. 
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(5.76) 


The  expression  for  torque,  A PQ  ,  is  given  by  Equation  12.170  in  [9]: 

AP0  =  K{Ab  +  K2A\]jfd  +  K2lA\y  dx+  K12A\y  ql+  K23A\]/  q2. 
These  AT-coefficients  are  listed  in  Equation  12.171  of  [9], 


(5.77) 
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Tuning  of  PSSs  using  methods  based  on 

Residues  and  the  GEP  transfer  function 


6.1  Introduction 

In  Section  5.8  the  P-Vr  method  for  the  tuning  of  the  PSS  for  a  generator  in  a  single-machine 
infinite-bus  (SMIB)  system  is  described.  Several  other  methods,  which  will  be  shown  to  be 
somewhat  related  to  the  P-Vr  method,  are  described  in  the  literature.  Two  other  methods 
will  be  discussed  here,  the  first  is  based  on  Transfer-Function  Residues,  the  second  on  the 
so-called  GEP  Method.  The  P-Vr  method,  the  Method  of  Residues  and  the  GEP  Method 
are  reconciled  for  a  practical,  multi-machine  system  in  [I],  However,  for  illustrative  purposes 
in  this  chapter  we  will  examine  only  the  application  of  the  Residues  and  GEP  Methods  to  a 
generator  in  a  SMIB  system. 

The  background  to  the  Method  of  Residues  is  provided  in  [2]  and  its  application  to  PSSs  is 
illustrated  in  Appendix  A  of  [3],  The  method  is  also  used  in  practice  for  the  design  of  Power 
Oscillation  Dampers  (PODs)  which  are  fitted  to  FACTS  devices  such  as  SVCs,  typically  to 
enhance  the  damping  of  inter- area  modes.  The  design  of  PODs  using  the  Method  of  Resi¬ 
dues  is  described  in  [4],  however,  this  topic  is  considered  in  more  detail  in  Chapter  11. 
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6.2  Method  of  Residues 


6.2.1  Theoretical  basis  for  the  Method 

The  theoretical  basis,  calculation  and  significance  of  the  residues  of  a  transfer  function  are 
discussed  earlier  in  Section  2.5.  In  essence,  for  a  set  of  distinct  poles  r  ■  is  the  residue  of  the 

pole  at  s  =  Pj.  A  transfer  function  G(s)  is  described  by  its  partial  fraction  expansion  equa¬ 
tion  (2.14),  or  by 


G(s) 


_  P(°)  _ 


Q(s)  s-Pl  s-p2  "•  s-Pi  s-pn 

The  derivation  of  residues  from  the  state  equations  is  outlined  in  Section  3.7. 


(6.1) 


Consider  a  SM1B  system  for  which  a  PSS  is  to  be  designed  and  installed.  The  transfer  func¬ 
tion  from  the  reference  voltage  input  to  the  speed  output  signal  of  the  generator  is 
Gs(s)=  Aco/AKrey.  The  PSS,  with  transfer  function  F(s) ,  is  a  speed-input  PSS  (although 

other  stabilizing  signals  can  be  employed).  When  operating  in  closed-loop  the  PSS  output  is 
connected  to  the  AVR  summing  junction,  as  shown  in  Figure  6.1. 

It  is  emphasized  that  the  following  simple  approach  to  the  determination  of  the  compensa¬ 
tion  transfer  function  of  the  PSS  is  based  on  the  change  of  the  rotor  mode  of  oscillation 
when  the  PSS  feedback  path  is  switched  from  open  to  closed  loop. 


AVR,  excitation  system, 
generator,  &  power  system 


AV 


Ato 


PSS  transfer  function 

Figure  6.1  SMIB  system  Gy(s)  and  PSS  transfer  function  F(s)  on  open  loop. 


Let  the  PSS  transfer  function  be: 

F(s)  =  kRH(s )  =  kRGc(s )  ■  G^s)  ■  Glp{s ) ,  (6.2) 

where  the  transfer  function  Gc(s)  of  the  PSS  in  this  application  is  designed  to  provide  the 
appropriate  phase  compensation  and  is  assumed  to  consist  of  m  lead  or  lag  blocks  of  the 
form  1 : 


1 .  This  form  is  used  in  the  determination  of  the  order  m  and  time  constants  Tn  and  Tj  in 
Appendix  6—1.1. 
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Gc(s) 


d  +  7>n 
■1  +  ^J 


(6.3) 


The  PSS  gain  setting  in  (6.2)  is  kR  in  pu  on  device  base  (note,  this  is  not  the  ‘damping  gain’ 
associated  with  the  P-Vr  method).  The  washout  and  low-pass  filter  transfer  functions, 
Gjy(s)  and  GLp(s) ,  are  given  by  (5.29)  and  (5.30),  respectively.  It  is  assumed  that  the  values 

of  the  time  constants  in  the  latter  two  transfer  functions  have  been  appropriately  selected 
(see  Section  5.8.6).  The  objective  of  the  tuning  procedure  is  to  determine  the  values  kp,  Tn 
Td  and  m  that  satisfy  the  relevant  requirements  on  damping. 


Note  that  in  Figure  6.1  positive  feedback  is  assumed  for  the  following  analysis.  The  transfer 
function  of  the  SM1B  system  and  PSS  when  the  loop  is  closed  is  therefore: 


W(s) 


GM) 


GJs) 


using  (6.2). 


1  -  Gs{s)F{s)  1  -  kRGs(s)H(s) 

The  poles  of  the  closed-loop  transfer  function  are  derived  from  its  characteristic  equation: 

1  -  G£s)F(s)  =  0  ;  (6.4) 


1 

these  poles  are  also  the  eigenvalues  of  the  system  of  W(s)  .  Let  us  evaluate  the  shift  AXh 
in  the  pole  (eigenvalue)  Xh  resulting  from  the  closure  of  the  feedback  loop.  Assume  the 
plant  and  system,  Gs(s ) ,  is  excited  by  the  eigenvalue  Xh  when  on  open  loop,  i.e.  from  (6.1), 

=  rh/(s-kh), 

where  rh  is  the  residue  of  the  eigenvalue  X/}  of  the  forward -loop  transfer  function,  GR(Xh) . 


The  associated  characteristic  equation  is,  from  (6.4), 


1- 


s  —  X 


-F(Xh)  =  0 ,  or  s  =  Xh  +  kRrhH(Xh), 


(6.5) 


noting  that  F(s)  =  kRH(s)  in  (6.2).  Suppose  the  pole  of  the  closed-loop  system  is  shifted 
by  a  small  amount  AXh  from  the  open-loop  pole  Xh.  The  root  of  the  new  characteristic 
equation  is  thus  s=  {Xh  +  AXh)  and  (6.5)  becomes: 


(Xh  +  AXh)  -  Xh  -  kRrhH(Xh  +  AXh)  =  0  .  (6.6) 

If  the  mode  shift  is  ‘small’  then  the  transfer-function  H(s )  in  the  neighbourhood  of  s  =  Xh 
can  be  represented  by  the  first-order  Taylor  series  expansion: 


H(Xh  +  AXh)  =  H(Xh) 


'dH(s) 

\ 

ds 

S  =  \J 

AX,, 


(6.7) 


1.  See  Sections  3.7and  2.5 


296 


PSS  tuning  based  on  Residues  and  GEP(s) 


Ch.  6 


Substitution  of  (6.7)  in  (6.6)  leads  to 


kRrhH(h ) 


l-r**~dk 


m\)  ’ 


(6.8) 


0//(Aft) 

equations  for  the  evaluation  of  — — -  are  given  in  Appendix  6—1.2,  (6.25)  and  (6.26). 


If  the  gain  kR  is  chosen  such  that 


8H(Xh) 

rhkR~ -  «  1  ' 


dl,. 


then  (6.8)  reduces  to: 


A  h*kRrhH(Xh). 


(6.9) 


(6.10) 


The  result  in  (6.10)  is  significant  for  the  design  of  the  PSS  compensation.  As  illustrated  in 
Figure  6.2  the  residue  of  the  eigenvalue  of  Gs(s )  is  a  complex  number,  jr^jZO^0  ,  where 

0/?  =  arg {rh}.  In  order  for  the  mode  shift  A ~kh  in  (6.10)  to  be  ±180°,  i.e.  a  direct  left-shift 
of  in  the  complex  r-plane  is  required, 

srg{rhH(kh)}  =  ±180°.  (6.11) 

The  compensation  angle  4>  provided  by  the  PSS  thus  must  be 

(j)  =  arg{H(Xh)}  =  ±  180-arg{rA}  (°) .  (6.12) 


0  <  0j  <  180°  Lead  compensation  180  -  0j°  required 


18O<02<36O°  Lag  compensation  (0t  -  180°)  required 


Figure  6.2  Examples  of  phase  compensation  required  for  possible  residues  of  Gs(Xh) . 


Based  on  (6.10)  the  following  is  a  procedure  for  determining  the  PSS  parameters. 


To  effect  a  left  shift  in  the  rotor  mode  of  interest,  choose  the  parameters  Tn,  Td  for  the 

m  lead  or  lag  compensator  blocks,  (6.3),  such  that  arg { }  =  ±180°. 
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In  order  to  determine  a  nominal  value  of  an  upper  limit  on  the  gain  kR  such  that  the  approx¬ 
imation  for  the  mode  shift  in  (6.10)  is  acceptable,  let  us  define  a  nominal  limit  kRm  based  on 
(6.9)  as 


dH(lh) 


rhkRm-^T-  =  1.  or 


kRm 


dH(Xh) 


dk,. 


pu. 


(6.13) 

(6.14) 


An  acceptable  gain  might  lie  in  the  range  0  <  kR  <  0. 1  kR  ,  say,  but  will  depend  on  the  nature 
of  the  problem. 

It  was  shown  in  Section  3.7  that  the  residue  for  mode  h  is  the  product  of  an  ‘observability 
measure’  (cmh)  and  a ‘controllability  measure’  (bhq)  given  by 

rmq  =  cmh-bhq-  (6-15) 

Ideally  for  a  selected  stabilizing  signal  these  measures  should  reflect  both  good  observability 
of  the  stabilizing  signal  and  good  controllability  of  the  output  variable. 

From  (6.10)  it  is  noted  that  (i)  the  larger  the  magnitude  of  the  residue,  the  greater  is  the  mode 
shift;  (ii)  for  a  robust  design  it  is  desirable  that  the  magnitude  and  phase  of  the  residue  re¬ 
main  more-or-less  unchanged  over  the  range  of  operating  conditions;  (iii)  the  real  and  im¬ 
aginary  components  of  the  open-loop  mode  kh  may  also  vary  over  a  range  of  operating 
conditions  in  practice. 

6.3  Tuning  a  speed-PSS  using  the  Method  of  Residues 

6.3.1  Calculation  of  the  compensation  transfer  function  of  the  PSS 

As  an  example  consider  the  tuning  of  a  true-speed  PSS  founded  on  the  Method  of  Residues. 
The  design  is  based  on  a  selected  set  of  operating  conditions  for  the  SMIB  system  described 
in  Table  5.4  on  page  263  in  which  the  rotor  modes  with  the  PSSs  out  of  service  are  also  list¬ 
ed.  To  represent  a  range  of  operating  conditions  four  normal  conditions  are  selected  (Cases 
A,  B,  C,  D)  together  with  cases  in  which  one  and  two  lines  are  out  of  service  (E,  F  and  G, 
H  respectively). 

For  the  transfer  function  from  the  voltage  reference  input  signal  to  speed-output  perturba¬ 
tions  the  residues,  which  are  calculated  using  a  small-signal  dynamics  software  package,  are 
displayed  in  Figure  6.3.  The  residues  lie  in  a  relatively  narrow  phase-band  of  approximately 
21  °  with  a  spread  in  magnitude  between  0.19  and  0.31  units. 
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Mag.  Angle  Name 


Figure  6.3  Polar  plot  of  residues  for  selected  cases  A  to  H  for  the  SMIB  system. 

The  residue  for  Case  C  is  selected  as  representing  the  group. 

It  is  now  necessary  to  select  from  the  group  in  Figure  6.3  a  representative  residue  on  which 
the  compensation  is  to  be  based.  If  the  residue  of  maximum  amplitude  is  selected  (e.g.  that 
for  Case  A  in  the  figure)  the  resulting  value  of  nominal  limit  kRm  would  be  lower  than  if  some 
other  residue  were  selected  (according  to  (6.14)).  The  decision  depends  on  the  application 
or  may  be  determined  by  the  system  criteria  which  specify  the  minimum  level  for  damping 
(say)  for  the  outage  of  two  lines  (Cases  G  and  H  here).  However,  as  in  Section  5.10.6.1,  the 
design  Case  C  is  again  selected  to  facilitate  a  comparison  of  the  performance  between  the 
PSSs  based  on  the  Residues  and  P-Vr  methods.  From  the  polar  plot  in  Figure  6.3  the  residue 
for  Case  C,  0.266Z132.40  ,  is  selected  as  it  fairly  well  represents  the  group  in  amplitude  and 
phase.  The  PSS  is  thus  required  to  provide  phasedead  compensation  of 
180°-  132.4°  =  47.6°. 

From  Table  5.4  for  Case  C  the  modal  frequency  is  Xc  =  0.261  ± y'9.02  .  Compensation  for 
the  phase  shift  introduced  by  the  washout  and  low-pass  filters  at  this  complex  modal  fre¬ 
quency  is  also  required. 


Let  us  assume  a  single  lead  transfer  function,  and  washout  and  low-pass  filters  with  time 
constants  of  Tw=  5  s  and  Tlp  -  0  .0125  s,  respectively,  are  employed.  The  PSS  of  (6.2)  thus 
takes  the  form: 


F{s) 


kf>H(s)  kR 


sTW 

r1  +  7Vn 

r  1  i 

_  1  s  T  w~ 

Li  +  vJ 

- 1  +  tlps- 

(6.16) 


At  the  complex  modal  frequency  a  net  phase  lag  of  5.27°  is  introduced  by  the  washout  and 
low  pass  filters;  the  total  phase  compensation  required  is  therefore  47.57  +  5.27  =  52.84° 
at  the  rotor  mode  s  =  =  0.261  +j9. 02.  Employing  the  algorithm  outlined  in 
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Appendix  6—1.1  an  iterative  procedure  is  used  to  calculate  the  parameters  of  the  lead  transfer 
function  for  the  rotor  mode.  The  resulting  time  constants  are  Tn  =  0.359  and  T ^  =  0.038  s. 


It  was  suggested  earlier  that  an  acceptable  gain  might  lie  in  the  range  0  <  kR  <  0. 1  kRm  ,  where 
the  nominal  upper  gain  limit  kRm  is  determined  by  (6.14).  Substitution  in  the  latter  equation 

dH(s) 

s  =  % 


with  values  rh  =  0.266Z132.40  and 


ds 


0.171  -y'0.221  yields  kRm  =  13.4  pu  on 


machine  MVA  rating.  Let  us  assume  an  acceptable  gain  range  for  kR  of  0  to  1.34  pu. 


6.3.2  Design  Case  C.  Performance  of  the  PSS  with  increasing  PSS  gain 

Using  the  PSS  transfer  function  given  by  (6.16)  let  us  estimate  the  values  of  the  rotor  mode 
as  the  gain  kR  is  increased  from  zero  (open  loop)  to  10%  of  kRm,  i.e  1.34  pu. 


Three  values  of  the  mode  are  calculated  for  each  value  of  kR,  that  is,  (i)  an  approximate  value 
of  the  mode  based  on  (6.10),  (ii)  a  corrected  value  based  on  (6.8),  and  (iii)  an  eigenvalue  cal¬ 
culated  using  the  software  package  Mudpack  [5] .  The  results  of  these  calculations  are  shown 
in  Table  6.1. 


Table  6.1  Rotor  modes  as  PSS  gain  kR  is  increased  from  zero  to  10%  of  kRm. 


Gain 
kR(%  of 

Approximate  * 

Corrected-!- 

Eigenanalysis 

Difference 
EigAnal- Approx. 

Difference 

EigAnal-Corr’d 

kRm) 

Real 

Imag 

Real 

Imag 

Real 

Imag 

Real 

Imag 

Real 

Imag 

0 

0.261 

9.018 

0.261 

9.018 

0.261 

9.018 

- 

- 

- 

- 

1 

0.148 

9.020 

0.148 

9.019 

0.147 

9.016 

-0.001 

-0.004 

-0.001 

-0.003 

2 

0.035 

9.021 

0.034 

9.016 

0.030 

9.012 

-0.005 

-0.009 

-0.004 

-0.004 

3 

-0.078 

9.021 

-0.080 

9.011 

-0.089 

9.004 

-0.011 

-0.017 

-0.009 

-0.007 

4 

-0.192 

9.021 

-0.194 

9.003 

-0.210 

8.991 

-0.018 

-0.030 

-0.016 

-0.012 

5 

-0.305 

9.021 

-0.308 

8.993 

-0.334 

8.974 

-0.029 

-0.047 

-0.026 

-0.019 

6 

-0.418 

9.025 

-0.422 

8.981 

-0.459 

8.953 

-0.041 

-0.072 

-0.037 

-0.028 

7 

-0.531 

9.022 

-0.537 

8.966 

-0.587 

8.925 

-0.056 

-0.097 

-0.050 

-0.041 

8 

-0.644 

9.022 

-0.651 

8.949 

-0.716 

8.892 

-0.072 

-0.130 

-0.065 

-0.057 

9 

-0.758 

9.022 

-0.765 

8.930 

-0.846 

8.851 

-0.088 

-0.171 

-0.081 

-0.079 

10# 

-0.870 

9.022 

-0.879 

8.909 

-0.976 

8.804 

-0.106 

-0.218 

-0.097 

-0.105 

#  O.lkjjjjj— 1.34  pu  *  Eqn.  (6.10)  +  Eqn.  (6.8)  EigAnal:  Eigen-analysis 


From  the  table  it  is  observed  that  the  real  parts  of  the  rotor  modes  based  on  the  approximate 
and  corrected  estimated  values  start  to  differ  from  the  eigenvalues  by  more  than  10%  for 
PSS  gains  kR  greater  than  8%  to  10%  (i.e.  1.1  -  1.3  pu).  It  should  be  remembered  that  more 
accurate  eigen-analysis  takes  into  account  the  effect  of  other  zeros  and  poles  on  the  modal 
trajectory  as  kR  is  increased  whereas  the  approximate  trajectory  increases  linearly.  Engineer- 
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ing  judgement  based  on  system  requirements  is  needed  to  decide  on  the  value  of  the  gain 
setting  -  and  if  it  is  appropriate  for  other  operating  conditions. 

6.3.3  Significance  of  the  gain  kR  and  the  damping  gain  k 

The  gain  kR  itself  has  no  significance  unless  it  can  be  related  to  the  damping  torque  coeffi¬ 
cient  induced  by  the  PSS,  i.e.  the  damping  gain  k.  Let  us  relate  the  results  of  the  simulation 
study  in  Table  6.1  to  that  based  on  the  P-Vr-based  design  in  Chapter  5  for  the  same  operat¬ 
ing  condition,  Case  C  in  Table  5.4.  However,  to  facilitate  the  comparison,  the  following 
modifications  are  made  to  the  PSS  based  on  the  P-Vr  transfer  function  in  (5.49)  on 
page  267,  (i)  the  low-pass  filter  time  constants  of  the  PSS  transfer  function  are  set  to  0.0125 
and  0.005  s,  and  (ii)  its  damping  gain  is  set  to  k—  77.4%  of  20  pu  (15.5  pu);  the  washout 
filter  time  constant  remains  at  5  s.  The  latter  gain  setting  results  in  the  real  part  of  the  eigen¬ 
value  (the  rotor  mode)  being  equal  to  that  produced  by  simulation  for  the  tuning  design 
based  on  Residues  Method,  i.e  -0.976  Np/s  with  kR  =  10%  of  kRm  (see  column  6  of 
Table  6.1). 

Referring  to  Figure  6.4  we  note  that  for  the  PSS  tuned  based  on  the  P-Vr  Method  the  damp¬ 
ing  torque  coefficient  is  essentially  flat  at  ~15  pu  over  the  frequency  range  1  to  10  rad/ s  for 
the  setting  of  the  damping  gain  to  15.5  pu.  For  the  PSS  design  based  on  Residues  Method 
the  damping  torque  coefficient  equals  that  of  the  P-Vr  method  at  15  pu  at  a  frequency  of 
~9.2  rad/s.  However,  in  the  residues-based  method  the  damping  torque  coefficient  is  seen 
to  vary  markedly  over  the  frequency  range  2  to  12  rad/ s,  a  variation  which  will  be  shown  to 
be  unsatisfactory  if  the  SM1B  system  represents  an  approximate,  reduced  equivalent  of  a 
larger  multi-machine  system  in  which  a  range  of  electro-mechanical  modal  frequencies  exist. 
Thus,  in  a  multi-machine  system  to  ensure  a  robust  PSS  design  using  the  Residues  Method 
it  is  necessary  to  take  into  account  all  of  the  electro-mechanical  modes  in  which  the  gener¬ 
ator  participates.  A  reduced-order  system  equivalent  with  a  range  of  modal  frequencies  is 
proposed  in  [6]  to  facilitate  robust  application  of  the  Residues  Method.  Nevertheless,  it  is 
necessary  to  verify  robustness  by  closely  examining  damping  performance  over  an  encom¬ 
passing  range  of  operating  conditions. 

6.4  Conclusions,  Method  of  Residues 

Based  on  the  preceding  analysis  and  the  example  it  is  noted  that: 

•  In  the  Method  of  Residues  tuning  procedure,  the  determination  of  the  PSS  compensa¬ 
tion  parameters  is  based  both  on  the  value  of  the  complex  rotor  mode  on  open  loop 
and  on  the  variation  of  the  mode  on  closed  loop  as  the  gain  kR  is  incremented  (as  in 
Table  6.1).  In  both  the  P-Vr  method  and  the  GEP  Method  (which  follows  next)  the 
analysis  is  based  on  frequency  response,  s  =  y'cy.  Clearly  an  analysis  based  on  complex 
modal  frequencies  in  the  Method  of  Residues  is  likely  to  be  more  accurate  -  all  else 
being  equal;  this  is  discussed  in  Section  5.9.3  with  reference  to  Table  5.3  on  page  255. 
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-  Residues  based  Method 

Figure  6.4  Case  C:  Synchronising  and  damping  torque  coefficients  induced  on  the  gener¬ 
ator.  PSS  tuning  is  based  on  (i)  P-Vr  Method  and  (ii)  Method  of  Residues. 

•  The  relations  (6.10)  and  (6.8)  for  the  approximate  and  corrected  mode  shifts  provide 
useful  estimates  of  the  mode  shifts  with  increase  in  gain  kR.  However,  in  the  multi¬ 
machine  case,  eigen-analysis  may  reveal  that  the  effect  of  system  poles  and  zeros  may 
cause  the  trajectory  of  the  rotor  mode  to  deviate  from  a  direct  left-shift  at  relatively 
low  values  of  the  gain  kR. 

•  In  the  example  presented  the  Method  of  Residues  can  provide  a  basis  for  determining 
the  PSS  transfer  function,  and  yields  acceptable  values  of  mode  shifts  with  increasing 
PSS  gain.  However,  the  performance  of  the  PSS  needs  to  be  validated  over  an  encom¬ 
passing  range  of  operating  conditions  using  a  small-signal  dynamics  software  package, 
particularly  in  the  application  of  the  method  to  PSSs  in  multi-machine  systems  [4], 
[10]- 

•  In  the  P-Vr  method,  the  damping  gain  k  represents  the  damping  torque  coefficient 
induced  by  the  PSS  over  a  desired  range  of  rotor  modal  frequencies.  In  the  Method  of 
Residues  the  value  of  the  PSS  gain  kR  has  no  obvious  significance. 
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•  The  P-Vr  method  yields  inherendy  robust  PSS  designs  (see  item  3  of  Section  1.2). 
Moreover,  the  PSS  can  be  tuned  to  yield  a  more-or-less  constant  positive  damping 
torque  coefficient  over  a  modal  frequency  range  covering  the  low  frequency  inter-area 
modes  to  the  higher  frequency  local-area  and  intra-plant  modes  (see  Figure  6.4).  In 
comparison,  robust  PSS  design  using  the  Residue  Method  requires  accurate  determi¬ 
nation  of  the  residues  of  all  rotor  modes  in  which  the  generator  participates  signifi¬ 
cantly. 

6.5  The  GEP  Method 

Larsen  and  Swann  described  in  1981  a  practical  procedure  for  tuning  PSSs  based  on  meas¬ 
urements  taken  in  the  field  [7],  The  procedure  is  based  on  the  design  approach  of  de  Mello 
and  Concordia  [8],  The  transfer  function  between  the  voltage  reference  input  to  the  AVR 
and  the  electrical  torque  developed  on  the  shaft  is  called  the  generator,  excitation  system  and 
power  system  transfer  function,  GEP(s).  GEP(s)  can  be  shown  to  be  proportional  to  the 
transfer  function  from  voltage  reference  (F;.(s))  to  terminal  voltage  ( V,(s));  the  frequency 

response  Vt(j(oj)/  Vr(Ja y)  is  relatively  straight-forward  to  measure  in  the  field.  The  com¬ 
pensation  angle  for  the  PSS  transfer  function  is  the  negative  of  the  phase  shift  of  the  meas¬ 
ured  frequency  response.  From  this  result,  a  compensating  transfer  function  is  synthesized 
for  the  PSS.  A  further  test  is  performed  to  determine  the  gain  setting  of  the  PSS.  This  test 
consists  of  raising  the  gain  until  the  onset  of  instability  is  observed;  the  PSS  gain  is  then  set 
to  l/3rd  of  this  value  -  providing  a  gain  margin  of  about  10  dB.  Further  developments  of 
the  GEP  approach  are  reported  in  [6],  [9], 


The  use  of  the  field  measured  frequency-response  for  PSS  design  relies  on  the  assumption 
that,  because  the  generator  is  connected  to  a  large  power  system,  its  speed  remains  more-or- 
less  constant  during  the  frequency  response  measurements.  This  is  equivalent  to  assuming 
that  the  inertia  constant  of  the  unit  is  very  large  or,  alternatively,  the  speed  and  angle  pertur¬ 
bations  are  negligible.  For  example,  based  on  the  Heffron  and  Phillips  model  of  a  SMIB  sys¬ 
tem  under  closed-loop  voltage  control  in  Figure  5.8  on  page  239,  the  transfer  functions  for 
both  the  torque  of  electro-magnetic  origin  and  the  terminal  voltage  can  be  written  with  re¬ 
spect  to  the  reference  voltage  perturbations  as: 


^2(£)  =  _ K2K3Kex _ 

AVr(S)  s2K3TTd0  +  s(Tex  +  K3Td0)  +  (l  +  K.K.KJ 


and 


K6K3Kex 


AF,G)  =  _ 

A W  s2K3T  Td0  +  s(Tex  +  K3Tm)  +  (!  +K3K6Kj 


(6.17) 


(6.18) 


respectively;  both  these  equations  are  independent  of  the  shaft-dynamics.  An  inspection  of 
the  two  transfer  functions  reveal  that  (i)  they  are  simply  related  by  the  scalar  ratio  K2/K6 

and,  (ii)  the  phase  responses  of  terminal  voltage  and  the  P-Vr  characteristics  are  identical. 
The  PSS  tuned  according  to  the  GEP  method  must  therefore  introduce  phase  lead  to  com- 
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pensate  for  the  lagging  phase  characteristic  of  AVt{j(s>j)/ AVr(j(Oj) .  The  phase  response  of 

the  synthesized  compensation  therefore  corresponds  to  the  negation  of  the  lagging  phase 
characteristic. 


6.6  Tuning  a  speed-PSS  using  the  GEP  Method 

Let  us  consider  the  tuning  of  a  true-speed  PSS  based  on  the  GEP  method  for  the  sixth-order 
generator  and  SMIB  system  of  Section  5.10.4.1 .  Because  the  measurements  of  the  frequency 
responses  when  conducted  in  the  field  are  likely  to  be  at  lower  levels  of  real  power  output, 
operating  conditions  Cases  R  and  K  for  the  SMIB  system  listed  in  Table  5.6  on  page  276  are 
used  as  examples.  (For  reasons  of  security,  field  measurements  are  likely  to  be  carried  out  at 
lower  values  of  real  power  output.)  The  generator  is  under  closed-loop  voltage  control  with 
power  outputs  of  0.5  and  0.7  pu  at  unity  power  factor;  the  associated  rotor  modes  are 
-  0.539  ± y'8.50  and  -  0.065  ±  j 8.92  ,  respectively. 


The  terminal  voltage  frequency  responses  are  compared  with  those  of  their  P-Vr  character¬ 
istics  in  Figure  6.5.  The  presence  of  the  resonance  associated  with  the  lightly  damped  rotor 
mode  for  Case  K  is  particularly  evident  in  the  terminal  voltage  responses  of  the  GEP  fre¬ 
quency  responses.  If  the  GEP  transfer  function  is  calculated  with  all  shaft  dynamics  disabled 
(GEPSDD),  the  resonances  in  Cases  R  and  K  are  eliminated  and  the  phase  response  of 
GEPSDD  generally  agrees  closely  with  that  of  the  P-Vr  transfer  function,  as  seen  in 
Figure  6.6. 


The  P-Vr  characteristic  representing  the  synthesized  GEPSDD  phase  responses  is 

(1  +  s0.005)/(l  +s0.05)2. 


Thus  the  associated  transfer  function  of  the  PSS  derived  from  the  negation  of  the  synthe¬ 
sized  GEPSDD  phase  responses  takes  the  form, 


kG  ■ 


5s 

1  +  5s 


~  1  +s0.05  I2 
_1  +s0.005_ 


(6.19) 


which  includes  a  washout  and  a  first-order  a  low-pass  filter;  let  kG  —  1 . 


6.6.1  Example  2.  Performance  of  the  PSS  based  on  Design  Case  C 

For  purposes  of  comparison  with  the  Method  of  Residues  the  performance  of  the  PSS  based 
on  the  GEP  approach  is  evaluated  for  Design  Case  C  of  Table  5.4,  P  =  0.9  Q  =  0.2  pu  using 
the  PSS  given  by  (6.19). 


The  damping  torque  coefficient  for  the  PSS  is  calculated  as  in  Section  6.3.3  for  the  Residue 
Method.  The  frequency  response  of  the  damping  torque  coefficient  is  shown  in  Figure  6.7 
and  reveals  that  the  value  of  the  coefficient  at  the  modal  frequency  of  9.0  rad/s  is  4.1  pu. 
Consequently  the  PSS  gain  kG—  1  is  equivalent  to  a  damping  gain  of  4.1  pu  in  the  vicinity 
of  the  modal  frequency  of  rotor  oscillations. 
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-  Vt/Vr  Cases:  R,  P=0.5 -  K,  P=0.7 

P-Vr  Cases:  R,  P=0.5 -  K,  P=0.7 

Figure  6.5  Frequency  responses  for  the  transfer  function  AVJ  AVr  and  the  P-Vr 
characteristics  for  lower  levels  of  real  power  output  at  unity  power  factor. 


-  GEPDD  Cases:  R,  P=0.5,  -  K,  P=0 . 7 

P-Vr  Cases:  R,  P=0.5,  -  K,  P=0 . 7 

—  —  Synthesized  P-Vr  from  Case  C 


Figure  6.6  Comparison  of  the  GEP  phase  response  with  shaft  dynamics  disabled  (GEPS- 
DD)  and  those  of  the  associated  P-Vr  characteristics.  The  synthesized  phase  response  for 
the  design  Case  C  of  Table  5.4  is  also  shown. 
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Note  that  in  Figure  6.7  the  damping  torque  coefficient  has,  relatively,  a  more  level  frequency 
response  over  the  range  1.5-15rad/ s  than  that  in  Figure  6.4  for  the  PSS  design  based  on  the 
Method  of  Residues.  This  is  because  the  phase  compensation  of  (6.19)  reflects  that  of  the 
P-Vr  approach  over  the  frequency  range  -  rather  than  that  designed  at  a  single  selected  mod¬ 
al  frequency. 


-  PSS-induced  damping  torque  coefficient 

Figure  6.7  Case  C:  PSS-induced  damping  torque  coefficient  for  a  PSS  designed  according 
to  the  GEP  method  and  with  gain  kg=  1 . 

Let  us  compare  the  mode  shifts  based  on  the  GEP  Method  and  the  P-Vr  method.  For 

kg  =4.88  pu  (equivalent  to  a  PSS  damping  gain  of  20  pu  on  machine  MVA  rating),  the  rotor 

mode  using  the  GEP  method  is  -  1.35  ± y'8.94  for  operating  condition  C.  The  mode  shift 

associated  with  this  gain  is  -  1.61  +  y'0.08  ,  a  value  which  is  close  agreement  with  that  derived 

based  on  the  P-Vr  method,  i.e.  -  1.60  ± y'0.02  (refer  to  Table  5.5). 

From  a  comparison  of  Figure  6.5  and  Figure  6.6,  the  following  observations  are  offered. 

•  As  is  to  be  expected,  the  magnitude  responses  of  the  conventional  GEP  and  the  P-Vr 
transfer  functions  differ.  (Because  the  generator  is  under  closed-loop  voltage  control 
the  gain  of  the  GEP  transfer  function  tends  to  unity  at  low  frequencies.) 

•  The  conventional  GEP  phase  response  may  be  ‘distorted’  by  a  number  of  resonances 
associated  with  the  rotor  modal  frequencies  in  a  multi-machine  system.  (These  should 
be  significantly  attenuated  by  the  damping  introduced  by  a  properly-designed  PSS). 
Such  phase  responses  and  the  lack  of  appropriate  magnitude  information  complicate 
the  synthesis  of  the  PSS  transfer  function.  (It  is  usually  a  matter  of  finding  a  number 
of  lead  networks  to  obtain  the  desired  lead  compensation  over  the  range  of  modal  fre¬ 
quencies.) 

•  For  measurements  in  the  field,  one  would  be  reluctant  to  proceed  with  frequency 
response  measurements  approaching  a  resonance  because  of  an  uncertainty  concern- 
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ing  its  magnitude.  The  range  of  the  frequencies  measured  may  therefore  be  restricted 
to  lower  values  when  resonances  are  encountered.  Such  resonances  may  not  be 
encountered  at  lower  real  power  outputs  from  the  generator. 

•  The  magnitude  responses  for  the  P-Vr  and  the  GEPSDD  transfer  functions  differ  by 
a  constant  gain  value.  There  is  close  agreement  between  the  P-Vr  and  GEPSDD 
phase  responses  for  the  sixth-order  model  of  the  generator.  The  GEPSDD  phase 
response  which  is  determined  by  analysis  in  this  exercise  is  seen  to  provide  a  good 
‘smoothed’  representation  of  that  of  the  GEP. 

6.7  Conclusions,  GEP  method 

Based  on  the  preceding  analysis  and  Example  2  it  is  noted  that: 

1.  In  a  single-  or  multi-machine  system  the  field-measured  GEP  responses  may  be 
adulterated  by  resonances  due  to  lighdy  damped  local  or  intra-station  modes.  The 
range  of  the  measured  frequency  responses  may  be  curtailed  as  the  size  of  the  reso¬ 
nance  under  field  conditions  is  typically  unknown. 

2.  Field-measured  GEPs  can  assist  in  the  validation  of  the  small-signal  system  model 
of  the  generator  and  system  used  in  simulation-based  PSS  tuning  methods.  It  should 
be  noted  that,  for  PSS  tuning  using  analytical  techniques,  accurate  models  of  the 
generator  and  excitation  system  are  highly  desirable. 

3.  By  eliminating  the  resonances  associated  with  the  rotor  modes  of  the  conventional 
GEP  transfer  functions,  the  phase  responses  of  the  GEPSDD  transfer  functions 
determined  by  analysis  provide  a  sounder  basis  for  the  determination  of  phase  com¬ 
pensation  required  for  PSS  than  by  field  measurements.  However,  for  the  evaluation 
of  the  GEPSDD  one  would  need  to  have  confidence  in  the  accuracy  of  the  model  of 
the  generator  and  system. 

4.  If,  in  the  tuning  of  a  PSS  based  on  the  conventional  analysis  of  GEP(s),  the  shaft 

1 

dynamics  are  disabled  then  the  same  phase  information  is  available  in  the  fre¬ 
quency  responses  of  both  the  GEP(s)  and  the  P-Vr  methods.  However,  the  associ¬ 
ated  magnitude  responses  in  the  GEP(s)  method  are  ignored.  Because  the  P-Vr 
method  provides  guidelines  for  the  settings  of  PSS  damping  gains,  the  concepts, 
analysis  and  results  in  Chapters  10,  12  -14  are  lost. 

5.  Of  the  three  methods  which  are  discussed  in  this  chapter  and  are  complementary, 
the  P-Vr  frequency  response  provides  continuous,  consistent  information  over  the 
range  of  rotor  modal  frequencies  and  encompassing  operating  conditions  for  both 
magnitude  and  phase;  this  simplifies  considerably  the  synthesis  of  the  PSS  transfer 
function  and  its  tuning. 


1.  The  transfer  function  in  the  case  is  AP(s)/ AV^^As). 
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6.  The  PSS  damping  gain  associated  with  the  P-  Vr  method  has  particular  significance.  It 
provides  a  sound  and  proper  basis  for  the  systematic  selection  of  PSS  gains.  Moreo¬ 
ver,  its  significance  as  a  damping  torque  coefficient  is  used  in  the  theoretical  and 
practical  applications  demonstrated  in  Chapters  12  to  14.  It  is  also  a  meaningful 
quantity.  For  example,  20  pu  damping  gain  on  machine  rating  is  a  moderate  gain 
value;  neither  the  PSS  gain  kR  of  (6.2),  associated  with  the  Residue  Method,  nor  kQ 
(6.19)  of  the  GEP  Method,  have  any  significant  meaning  when  expressed  on 
machine  rating. 

7.  Because  of  the  advantages  listed  above,  and  other  merits,  the  P-Vr  approach  is 
employed  in  practice  by  a  number  of  organizations  for  the  tuning  of  PSSs  in  the 
multi-machine  environment  described  in  Chapter  10. 
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Appendix  6—1 


App.  6—1.1  Algorithm  for  the  calculation  of  stabilizer  parameters 

The  algorithm  is  based  on  the  general  form  of  the  stabilizer  transfer  function  F(s) 


F(s)  =  kfds  ■  H(s)  =  k 


'fds 


Tws 

W 

r1+7>i 

m 

r  1  i 

_1  +  Tws_ 

Li+vJ 

-1  +  tlps- 

(6.20) 


which  consists  of  the  compensator,  and  the  washout  and  low-pass  filters  [4],  [10],  Lead  com¬ 
pensation  is  to  be  designed  such  that  the  compensation  angle  4>  provided  by  the  stabilizer 
is  4*  =  arg {H(Xh)}  =  ±  180  -  argj>/?}  (°)  at  the  selected  complex  frequency  s  =  X  =  -  a  +j co  . 
For  this  complex  mode  let  us  assume  that  the  washout  and  low-pass  filters  introduce  a  phase 
lead  of  ©°  ;  the  maximum  phase  lead  to  be  contributed  at  frequency  X  by  the  compensator 
is  then  Qm  =  4>  -  ©  (°) .  For  a  compensator  consisting  of  m  first-order  lead  blocks  the  phase 
lead  to  be  contributed  by  each  block  is  0  =  0n|/m  .  Let  us  therefore  consider  the  first- 

order  lead  compensator  described  in  Section  2.12.1.4  Example  10  \ 

G(s)  =  (l+sr)/(l+sar|.  (6.21) 


If  the  maximum  phase  lead  that  can  be  produced  by  the  above  compensator  is  assumed  to 
be  60°,  then  the  allowable  range  for  a  is  0.07  <  a  <  1  .  Substitution  of  the  complex  frequency 
s  =  X  =  -ct+/g)  in  (6.21)  results  in: 

_  [1  -ctJ(1  +a)  +  a:T(a2  +  co2)]  +ja>T(\ -a) 

,  ,  r  +  V,  2+  2t  ' 

l-zaat+a  T  (a  +  co  ) 


The  phase  lead  introduced  by  the  compensator  at  s  =  X  is  equal  to 


0 


m 


wT(  1  -  a) 


0  =  —  =  atan  -  ?  2  2 

Ll  -  ctL(1  +  a)  +  aT  (a  +  a  )_ 


(6.22) 


The  desired  maximum  phase  lead,  occurs  at  co  =  co„  where  d6/da>l  —  0.  Noting 

r  5  m  ax  c  I  co  =  coc  & 

that  o  is  a  constant  and  applying  the  constraints  7V  0  and  a  1 ,  the  expression 

rf0/rfco|  =  0  is  solved  to  give 

I  CO  =  CO 


CO 


c 


I  1  a  a  |  2 

iar~«T~~T  a 


(6.23) 


1.  Note  that  for  a  =  0  ,  i.e.  s  =  _/'oy,  a>c  =  1  /(JaT)  and  ®max  =  asin[(  l-a)/(l  +  a)] . 
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Substitution  of  (6.23)  into  (6.22)  yields  an  expression  for  the  maximum  phase  lead: 

f  | l-or-aar  +  qSj^q-D 

Qmax  =  “atan(Z)  where  z  =  - — - 2~l2 -  '  (6-24) 

l-aT-aaT+a  at 

To  design  a  first-order  lead  block  to  provide  the  required  maximum  phase  lead  0m  at  the 
modal  frequency  X,  =  a,  +  j co^ ,  the  following  procedure  is  proposed  to  solve  for  the  com¬ 
pensator  parameters  a  and  Tin  (6.21). 

1.  Select  m  such  that  0  <  60°  where  0  a  =  0  /m  . 

1  -  sin(Qmax) 

2.  Calculate  an  =  - - — - —  as  an  initial  estimate  of  a  . 

0  1  +  suite  ) 

v  max ' 

3.  Calculate  TQ  =  as  an  initial  estimate  of  T. 

4.  Set  (i)  a  tolerance  level  for  the  iterative  calculations,  e.g.  s  =  0.001,  and  (ii)  the  coun¬ 
ter  to  k  =  1 . 

5.  Given  that  roc  =  (Qh  ,  solve  for  T using  (6.23)  in  the  form 

ak-l(al-(oW-ah(l+ak-0T+l  =  0  • 

and  choose  the  smallest  positive  value  of  T.  Set  T \  =  T. 

2 

6.  Solve  (6.24)  for  a  letting  X  =  (tan0;);ov)  ,  i.e.  solve  the  equation 

[47^fo l  -  4TkXah  -  1  ]«2  +  [2  +  4X- 4XahTk]a-  1=0, 
and  choose  the  smallest  positive  value  of  a  .  Set  ak  =  a. 

7.  If  (ja^-a^  <s)  and  (|T^- Tk_  d  < e)  then  end,  else  go  to  5. 

The  required  first-order  compensator  parameters  are  a  =  ak  and  T  =  Tk. 

Note  that  if  the  compensation  angle  is  negative,  i.e.  0  <0,  the  parameters  of  a  lag  com¬ 

pensation  transfer  function  are  calculated. 


App.  6—1.2  Algorithm  for  the  calculation  of  stabilizer  parameters 
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App.  6-1.2  Calculation  of  the  nominal  upper  limit  of  the  range  of  sta¬ 
bilizer  gains 

A  nominal  measure  of  the  upper  limit  of  range  of  stabilizer  gain  is  shown  to  be: 


^ Rm 


1/ 


8H(Xh) 


h  ex,. 


(6.14)  (repeated) 


The  residue  rh  is  specified  as  are  the  parameters  of  the  washout  and  low-pass  filters.  Having 
selected  the  desired  order  m  of  the  compensator  its  parameters  are  calculated  using  the 

above  algorithm.  It  then  remains  to  calculate  -  and  evaluate  it  at  the  selected  modal  fre¬ 
quency  s  =  Xh  =  -  a  h  +jah  . 


Assuming  the  three  blocks  in  the  transfer  function  are  in  forms  such  as  those  in  (6.20),  the 
derivative  can  be  expressed  in  a  general  form: 


Lj(s)  =  A 
ds  8s 


a  +  sT^~\p 
1  +  s  T~ 


=  P  '  ■ 


0 a  +  sTxf  l(Tl-aT1) 


.p+l 


(6.25) 


(1  +sT2f 

From  the  above  expression  the  derivative  of  the  three  transfer  functions  in  (6.20)  can  de¬ 
rived  by  setting  the  following  quantities  for  the: 

compensator  Gc(s) ,  a  =  1,  Tn  =  7),  Td  =  T 2,  m  =  p; 

washout  filter  Gw(s) ,  a  =  0,  Tw  =  7)  =  T2,  w  =  p; 

low-pass  filter  GLp(s) ,  a  —  1,  7)  =  0,  TLP  =  T2,  z  =  p. 


Given H(s)  in  (6.20)  is  of  the  form  H(s)  =  A(s)B(s)C(s) ,  the  expression  for  the  derivative  is: 

=  A(s)B(s)f-C(s)  +  B(s)C(s)f-A(s)  +  C(s)A(s)^B(s) .  (6.26) 

os  ds  os  os 
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Introduction  to  the  Tuning  of 

Automatic  Voltage  Regulators 


7.1  Introduction 

7.1.1  Purposes 

Given  a  model  and  the  parameters  of  the  generator  and  its  exciter,  there  is  litde  published 
in  the  literature  describing  the  various  methods  for  the  tuning  of  automatic  voltage  regula¬ 
tors  (AVRs)  to  achieve  certain  performance  specifications  for  the  generator  off-  and  on-line. 

An  aim  of  this  chapter  is  to  introduce  and  provide  an  analytical  basis  for  various  tuning 
methodologies,  which  provide  a  set  of  parameters  for  the  particular  AVR  model.  Further 
analysis  may  depend  on  the  type  and  form  of  the  AVR  supplied  by  a  manufacturer.  Howev¬ 
er,  even  for  complex  AVR  structures,  the  proposed  methodologies  may  provide  an  initial 
set  of  parameters  based  on  a  simplified  model  of  the  AVR.  Subsequent  fine-tuning,  based 
on  the  complex  structure,  can  then  yield  an  appropriate  final  set  of  parameters. 

It  should  be  emphasized  that  the  tuning  methodologies  considered  here  are  based  on  the 
concept  of  transient  gain  reduction,  though  various  other  design  approaches  are  employed 
[1] .  Depending  on  the  type  of  AVR,  rate-feedback  may  also  be  used  to  essentially  effect  a 
similar  behaviour  as  transient  gain  reduction.  Furthermore,  more  modern  systems  which 
employ  proportional-integral-derivative  (PID)  controls  can  be  tuned  to  give  a  response  akin 
to  transient  gain  reduction.  It  is  recognized  that  manufacturers  of  the  equipment  have  their 
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own,  effective  procedures  for  tuning.  However,  when  tuning,  it  is  important  in  a  number  of 
scenarios  to  account  for  the  power  system  characteristics  over  an  encompassing  range  of 
normal  and  outage  conditions.  The  latter  considerations  are  often  of  concern  to  the  trans¬ 
mission  service  provider  (TSP)  who  may  be  responsible  for  system  security.  It  is  therefore 
desirable  that  staff  in  such  TSPs  understand  the  relevant  methodologies  and  can  undertake 
or  validate,  if  necessary,  the  tuning  of  AVRs. 

A  further  objective  in  the  description  of  the  methodologies  is  to  provide  for  young  engineers 
an  introductory  and  a  reference  text  which  not  only  covers  the  relevant  control  systems 
background  but  also  highlights  the  power  system  requirements  and  performance. 

7.1.2  Coverage  of  the  topic 

Because  powerful  methods  of  analysis  are  available  in  linear  control  systems  theory,  the  tun¬ 
ing  of  AVRs  is  based  on  small-signal  analysis  and  the  linearized  models  of  the  power  system 
and  associated  devices.  The  performance  of  the  resulting  tuned  AVR,  and  the  other  ele¬ 
ments  of  the  power  system,  should  then  be  subject  to  simulation  studies  for  an  appropriate 
set  of  large-signal  disturbances  over  the  range  of  operating  conditions.  In  such  simulations 
the  limits  on  AVR  and  the  exciter  quantities,  as  well  as  saturation,  should  be  modelled. 

7.2  The  excitation  control  system  of  a  synchronous  generator 

The  IEEE  Standard  421.1  [2]  defines  the  excitation  control  system  (ECS)  as  the  feedback 
control  system  that  includes  the  synchronous  generator  and  its  excitation  system.  Essentially 
the  excitation  control  system  is  the  system  which  excites  and  controls  the  rotor  field  current 
of  the  generator  and  thus  the  term  ECS  includes  the  generator.  The  excitation  control  sys¬ 
tem  as  well  as  the  excitation  system  (ES)  are  shown  in  the  block  diagram  of  Figure  7.1.  The 
excitation  system  is  defined  as  ‘the  equipment  providing  field  current  for  a  synchronous  gen¬ 
erator,  including  all  power,  regulating,  control,  and  protective  elements’.  The  main  ‘power 
element’  is  the  exciter,  however,  the  ‘regulating,  control,  and  protective  elements’  are  re¬ 
ferred  to  in  the  Standard  as  the  ‘synchronous  machine  regulator’. 


Synchronous  Exciter 

machine 
regulator 


Excitation  System 


Synchronous 

generator 


Power  System 


-  Excitation  Control  System  - 


Figure  7.1  Block  diagram  of  the  excitation  control  system  [2], 


Sec.  7.2 


The  excitation  control  system  of  a  generator 
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We  shall  refer  to  the  ‘synchronous  machine  regulator’  as  the  ‘automatic  voltage  regulator’  or 
AVR  \  We  will  assume  the  AVR  comprises  all  the  control  elements  and  any  lower-power, 
power-electronic  devices  which  drive  the  input  to  the  exciter. 

IEEE  Standard  421.2  [3]  concerning  aspects  of  the  testing  and  evaluation  of  dynamic  per¬ 
formance  of  excitation  control  systems  is  also  of  interest  here. 

A  component  of  the  AVR  is  the  compensating  control  provided  to  ensure  that  the  excitation 
control  system  satisfies  certain  steady-state  and  dynamic  performance  criteria  for  the  unit  off- 
and  on-line.  The  main  objective  in  ‘AVR  tuning’  is  to  determine  the  parameters  of  the  ap¬ 
propriate  compensator  which  satisfy  the  criteria.  The  block  diagram  of  the  excitation  control 
system ,  which  forms  the  basis  for  the  analysis  which  follows  later,  is  shown  in  Figure  7.2. 
The  element  KA/(1  +  sTA )  typically  represents  the  simplified  dynamics  of  the  AVR  power 

amplifier  and  the  gain.  However,  this  block  diagram  does  not  apply  to  rate-feedback  com¬ 
pensation  which  is  treated  in  Section  7.10. 

When  the  generator  is  on-line  the  transfer  function  Ggen(s )  includes  the  dynamics  associated 
with  the  external  power  system.  When  the  unit  is  off-line  it  is  assumed  to  be  under  closed- 
loop  voltage  control  and  operating  at  rated  voltage  at  synchronous  speed.  It  should  be  noted 
that  the  dynamic  behaviour  of  the  excitation  system  and  generator  may  differ  significantly 
when  off-  or  on-line  under  closed-loop  voltage  control. 


Compensation  Exciter  i  Generator 


-  Excitation  system  - ^ 

Figure  7.2  Excitation  control  system  with  compensation  in  the  forward  path  of  the  AVR 

When  forming  models  of  the  components  of  the  excitation  control  system  from  results  of 
tests,  careful  attention  must  be  paid  to  the  per  unit  definitions  of  the  components  and  the 
per  unit  relations  between  components.  Commonly-used  definitions  are  listed  in  Chapter  4. 


1.  The  IEEE  Standard  421.1  [2]  refers  to  ‘automatic  voltage  regulator’  as  ‘a  term  often  used 
to  designate  either  the  voltage  regulator  alone  or  the  complete  control  system  comprised 
of  limiters,  etc.’ 
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7.3  Types  of  compensation  and  methods  of  analysis 

A  variety  of  types  of  compensation  is  employed  in  the  AVR  and  a  number  of  these  will  be 
discussed  in  the  following  sections.  Each  of  these  are  analysed  and,  where  appropriate,  a  de¬ 
sign  method  or  procedure  is  formulated.  The  aim  in  each  method  is  to  achieve  a  desired 
transient  gain  reduction  over  a  selected  range  of  modal  frequencies.  For  each  type,  illustra¬ 
tive  examples  are  provided  of  the  tuning  method  to  achieve  specified  dynamic  performance 
criteria  with  the  generator  off-  and  on-line  in  a  simple  power  system.  The  types  of  compen¬ 
sation  considered  are: 

1 

•  Transient  gain  reduction  (TGR),  the  simpler  type  of  compensation  (Section  7.6). 

•  Proportional  plus  Integral  plus  Derivative  (PID)  compensation  (Section  7.7).  A  number 
of  forms  of  PID  compensation  is  analysed  and  procedures  for  the  calculation  of  the 
parameters  are  proposed.  In  the  case  of  a  type  of  PID,  called  Type  2B  here,  a  detailed 
analysis  is  undertaken  to  determine  a  suitable  set  of  PID  parameters  for  both  normal 
and  N-l  operating  conditions  for  a  remote,  three-generator  power  station  in  which 
brushless  AC  exciters  are  installed.  (Section  7.11). 

•  Proportional  plus  Integral  (PI)  compensation  (Section  7.9).  The  concepts  in  the  PI 
design  procedure  are  simple,  and  follow  on  from  the  earlier  sections.  The  extension  of 
PI  compensation  to  PID  compensation  using  a  series  lead-lag  block  is  illustrated  and 
the  equations  for  the  parameter  conversion  to  the  PID  structure  are  formulated. 

•  Rate  feedback  of  the  AVR  or  exciter  output  (RFB)  (Section  7.10).  The  aim  of  the  analysis 
is  to  determine  the  gain  and  time  constant  in  the  feedback  transfer  function  that  sat¬ 
isfy  the  performance  specifications.  A  method  for  calculating  the  latter  parameters  is 
proposed  which  is  based  on  a  simple  model  of  the  excitation  system.  However,  it  is 
shown  that  the  results  can  be  applied  to  more  complex  systems  which,  for  instance, 
include  PI  compensation  in  the  forward  path. 

The  small-signal  performance  of  the  system  is  analysed  using  software  packages  such  as 
Matlab®  [4]  or  Mudpack  [5].  Several  methods  of  linear  system  analysis  such  as  frequency 
response,  root-locus,  step  response  and  eigen-analysis  are  employed.  The  theory  behind 
these  linear  system  analysis  techniques  are  described  in  references  [8]  and  [9], 

7.4  Steady-state  and  dynamic  performance  requirements  on  the  gen¬ 
erator  and  excitation  system 

In  some  types  of  excitation  systems  there  is  a  requirement  for  high  values  of  gain  in  the  for¬ 
ward  loop  of  the  excitation  system  for  closed-loop  voltage  control.  Such  gains  are  typically 
employed  (i)  to  provide  fast  response  of  the  generator  terminal  voltage  to  disturbances,  (ii) 


1.  Transient  gain  reduction  has  not  been  used  in  some  cases  with  fast-response,  high  gain, 
static  excitations  systems  [6],  [7]. 


Sec.  7.4 


Performance  requirements  on  the  ECS 
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to  boost  field  flux  linkages  following  a  major  disturbance  in  order  to  increase  synchronizing 
power,  and  (iii)  to  satisfy  requirements  on  the  error  in  the  terminal  voltage  in  the  steady-state 
(‘zero  frequency’  and  final  equilibrium  point). 

At  higher  modal  frequencies  high  gains  in  the  forward  loop  of  the  closed-loop  voltage  con¬ 
trol  system  are  destabilizing.  In  order  to  provide  a  stable,  robust  system  it  is  necessary  to 
reduce,  by  compensation,  the  high  forward  loop  gain  (KJ)  to  a  lower  “transient  gain”  ( KT ) 
at  higher  frequencies.  This  concept  is  illustrated  in  Figure  7.3. 


Figure  7.3  Straight-line  approximation  of  the  magnitude  response  of  the  compensation 
transfer  function  showing  high  gain  at  low  frequency  and  transient  gain  reduction  at  higher 

frequencies. 

In  general,  the  basis  of  the  approaches  is  (i)  to  establish  a  transient  gain  reduction  over  an 
appropriate  range  of  modal  frequencies,  and  (ii)  to  provide  a  well-damped  response  of  the 
generator  terminal  voltage  to  a  step  change  in  reference  voltage.  Such  a  range  of  modal  fre¬ 
quencies  depends  on  the  rating  and  location  of  the  generator  and  its  participation  in  the  in- 
ter-area,  local-area  and  intra-station  modes.  It  will  be  assumed  for  present  purposes  that  the 
range  of  modal  frequencies  is  1.5  to  15  rad/ s.  On  the  other  hand,  if  local-area  modes  only 
were  of  concern  the  relevant  frequency  range  might  be  6  to  12  rad/s  (see  Section  1.5).  The 
compensation  provided  should  also  satisfy  the  criteria  for  the  dynamic  performance  of  the 
generator  off-line  under  closed-loop  voltage  control  (this  matter  is  treated  in  sections  7.6.3, 
7. 7.2.3  and  7.11.2.2). 

The  level  of  transient  gain  is  determined  in  the  first  instance  by  the  closed-loop  performance 
of  the  generator  and  excitation  system  under  voltage  control  when  the  unit  is  off-line  and 
running  at  synchronous  speed.  In  order  that  the  terminal  voltage  response  to  a  step  change 
in  reference  voltage  is  well  damped,  it  is  suggested  in  1 1 0]  that  the  transient  gain  KT  should 

be  approximately  less  than  T'  do/(2TE).  For  example,  if  the  generator’s  open-circuit  time 
constant  is  T do  —  5  s  and  the  exciter  time  constant  is  TE  =  0.1s,  the  transient  gain  should 
be  less  than  25  pu  on  machine  base.  It  is  also  stated  in  [10]  that  “...  the  closed-loop  response 
of  this  voltage-component  regulating-loop  (i.e.  ignoring  the  contribution  from  rotor  angle) 
under  load  conditions  is  not  materially  different  from  the  closed-loop  response  on  open  cir- 
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cuit”.  This  implies  that  the  approximate  value  KT<  T' dg/(2TE)  is  appropriate  on-line. 
However,  it  also  pointed  out  in  the  discussion  in  [1 0]  that  the  performance  with  values  of 
transient  gain  exceeding  T'  dg/(2TE)  has  proved  satisfactory.  Note  that  cases  are  illustrated 
in  which  the  closed-loop  terminal  voltage  response  to  a  step  change  in  reference  voltage  is 
well  damped  but  the  rotor  modes  are  poorly  damped.  Such  cases  may  required  a  coordinated 
tuning  with  the  PSS  installed  on  the  generator. 

The  range  of  the  transient  gain  is  typically  25  to  50  pu  on  machine  base.  In  the  examples  in 
this  chapter  a  transient  gain  of  32  pu  (~30  dB)  is  usually  adopted. 

In  order  to  ascertain  the  characteristics  of  the  closed-loop  voltage  control  system  of  a  gen¬ 
erator,  either  off-  or  on-line,  step  changes  in  the  voltage  reference  of  up  to  5%  of  rated  ter¬ 
minal  voltage  are  employed  in  practice.  The  size  of  the  steps  is  such  that  the  response  is 
measurable  above  the  noise  level  but  not  so  large  as  to  produce  over-voltages  of  the  exciter 
output.  However,  for  the  small-signal  (i.e.  linear)  simulation  studies  in  this  book,  a  step  size 
of  1  %  from  1  pu  is  a  more  convenient  and  meaningful  measure. 

Minimum  performance  requirements  on  generators  and  excitation  systems  are  usually  spec¬ 
ified  by  the  system  operator  in  a  code  or  a  set  of  rules;  the  latter  will  be  referred  to  as  the 
‘Rules’.  As  an  example  -  and  as  applied  in  this  chapter  -  typical  requirements  that  may  be 
imposed  on  the  generator  and  excitation  system  are: 

•  Under  closed-loop  voltage  control  the  generating  unit  must  be  stable  when  off-line 
and  on-line.  For  planning  purposes,  when  the  unit  is  on-line  the  halving  time  of  any 
inter-regional  or  intra-regional  rotor  oscillations  should  be  less  than  5  s  (e.g.  [11]). 

•  Each  excitation  control  system  must  provide  continuous  voltage  regulation  to  within 
0.5%  of  the  selected  set-point  value  at  all  operating  points  within  generator  capability, 
(e.g.  [11]).  This  is  interpreted  as  requiring  that  the  effective  DC  gain  of  the  terminal 
voltage  control  loop  is  at  least  200  pu  for  the  steady-state  terminal  voltage  error  to  be 
less  than  0.5%  (see  Section  2.10.1)  (this  is  assuming  a  proportional-only  control). 

•  With  the  generator  on-line  and  under  closed-loop  voltage  control,  the  settling  time 
following  a  disturbance  equivalent  to  a  5%  step  change  in  the  measured  generating- 
unit  terminal  voltage  must  be  less  than  5  s.  This  must  be  satisfied  at  all  operating 
points  within  the  generating  unit  capability.  It  is  assumed  here  that  the  step  change 
does  not  lead  to  the  activation  of  limiters  in  the  excitation  system.  The  settling  time  is 
the  time  for  the  terminal  voltage  response  to  decay  to  within  a  prescribed  percentage 
of  the  final  steady-state  level.  (In  Section  7.11  a  10%  settling  time  employed;  unless 
otherwise  stated  a  2%  settling  time  is  adopted  in  this  book.) 

•  When  the  unit  is  under  closed-loop  voltage  control  and  is  running  off-line  at  rated 
speed  the  corresponding  settling  time  is  2.5  s,  or  less. 


Sec.  7.5 


A  single-machine  infinite-bus  test  system 
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The  objective  of  the  analysis  in  this  chapter  is  to  determine  the  compensation  that  must  pro¬ 
vided  by  the  AVR  to  satisfy  the  relevant  Rules  and,  when  appropriate,  to  align  with  excita¬ 
tion  system  models  in  the  IEEE  Standard  421.5  [12], 

Other  helpful  background  material  is  provided  in  [7]  and  in  [1 3]  to  [1 5] . 

As  mentioned  earlier  an  objective  of  this  chapter  is  to  provide  a  theoretical  background  and 
some  guidelines  to  the  various  approaches  to  AVR  tuning.  Each  method  of  compensation 
that  is  analysed  is  followed  by  an  illustrative  example,  typically  for  the  generator  off-  and  on¬ 
line  under  closed-loop  voltage  control.  Because  the  requirements  and  performance  specifi¬ 
cations  may  vary  from  application  to  application,  there  is  flexibility  available  for  fine  tuning 
of  the  controls  based  on  any  of  the  approaches. 

The  following  discussions  are  based  on  small-signal  analysis.  In  particular,  Bode  plots  of  the 
open-loop  frequency  response  of  a  system  will  be  employed  to  assess  the  stability  and  per¬ 
formance  of  the  closed-loop  system  using  the  concepts  of  Phase  Margin  and  the  gain-cross¬ 
over  frequency.  The  open-loop  system  should  therefore  have  no  poles  or  zeros  in  the  right- 
half  of  the  ^-plane  [8], 

As  emphasized  earlier,  the  results  obtained  based  on  small-signal  analysis  should  be  re¬ 
viewed  in  the  context  of  appropriate  and  relevant  large-signal  (transient  stability)  studies. 

In  modelling  excitation  systems,  limiting  of  the  outputs  is  imposed  on  certain  types  of 
blocks,  namely  integrators,  first-order  blocks,  lag-lead  and  lead-lag  blocks.  Use  of  an  inte¬ 
grator,  say  with  windup  limiting,  can  result  in  additional  phase  shifts.Windup  should  not  be 
an  issue  in  strictly  small-signal  analysis  but  one  should  be  aware  of  it  occurring  following 
large-signal  disturbances.  (See  Appendix  7—1.4.) 

7.5  A  single-machine  infinite-bus  test  system 

In  the  examples  to  illustrate  the  application  of  the  methods  of  compensation  the  single-ma¬ 
chine  infinite-bus  (SMIB)  system  shown  in  Figure  7.4  is  employed  1 .  One  line  (‘a’)  of  a  pair 
of  parallel  lines  is  out  of  service,  e.g.  for  maintenance  or  following  a  fault  on  the  line.  The 
generator  output  at  unity  power  factor  is  0.4  pu  power  (a  value  above  the  range  0.1  to  0.3 
pu  at  which  the  PSSs  typically  are  switched  into  service).  The  load  is  modelled  as  constant 
impedance.  For  on-line  analysis  the  generator  transfer  function  block,  referred  to  as 
Ggen{s) ,  accounts  for  the  dynamics  of  both  the  generator  and  the  system  to  which  it  is  con¬ 
nected.  The  sixth-order  generator  parameters  are  listed  in  Appendix  7—1.1.  Note  that  the 
model  of  the  exciter  is  a  simple  first-order  lag;  a  more  detailed  model  is  used  for  a  brushless 
exciter  in  Section  7.8. 


1.  For  the  studies  in  Section  7.8  concerning  the  Type  2B  PID,  a  different  but  more  relevant 
power  system  is  chosen. 
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xt  =0.15,  tap  0.96 


Figure  7.4  SM1B  test  system,  outage  of  line  ‘a’;  Case  W. 

Generator  output  P  =  0.4,  Q  =  0  pu.  Load:  P  =  0.02,  Q  =  0  pu  at  1  pu  voltage. 
Parameters  are  in  pu  on  machine  base  (MV A).  System  frequency  is  50  Hz. 


Only  this  one  operating  condition  (an  N-l  condition)  is  analysed  to  illustrate  some  of  the 
issues  that  may  arise  in  the  design  process.  Without  a  PSS  installed  on  the  generator  in  this 
case  a  lightly  damped  rotor  mode  is  present.  In  practice  an  encompassing  range  of  normal 
and  N-l  operating  conditions  should  be  examined  in  order  to  determine  the  appropriate 
compensation.  For  the  purposes  of  this  chapter  we  will  deem  damping  performance  to  be 

9 

adequate  if  the  halving  time  of  the  rotor  mode  of  oscillation  is  shorter  than  5  seconds  .  This 
is  consistent  with  the  requirements  in  the  Australian  National  Electricity  Rules  (NER)  [1 1], 

7.6  Transient  Gain  Reduction  (TGR)  Compensation 

7.6.1  Introduction 

In  classical  control  terminology  Transient  Gain  Reduction  (TGR)  is  referred  to  as  cascade 
lag-lead  compensation;  such  compensation  is  incorporated  in  the  control  system  of  the  AVR 
as  shown  in  Figure  7.5. 


TGR  T^  —  0  Exciter 

Compensation  Gex  =  l/fKg+sTg) 

Figure  7.5  Excitation  control  system  with  Transient  Gain  Reduction 


1.  The  generator  and  excitation  system  parameters  which  are  given  in  Appendix  7— 1.1.1  dif¬ 
fer  from  those  in  Section  5.10.4.  However,  the  transformer  and  line  parameters  are  the 
same  on  the  generator  MVA  base  as  those  in  the  latter  section. 

2.  The  stability  limit  is  derived  from  1  -e  =  0.5  ,  i.e.  -a  =  -0.139  Np/s. 
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The  transfer  functions  for  the  TGR  block  and  the  associated  classical  lag-lead  block  are: 

1  +  sTc  i  +  st 

- - —  or  - - -  ,  respectively,  where  TB>  Tc  or  a  >  1  .  (7.1) 

1  s  1 B  l~t.ycx.jf 

Let  ay  be  the  frequency  of  the  exciting  sinusoidal  signal.  In  the  frequency  domain  at  high 
frequencies  (co jT  »  1 )  the  transfer  functions  in  (7.1)  reduce  to  tc/tb  or  1/a.  At  such  fre¬ 
quencies  the  gain  of  the  AVR  transfer  function  in  the  forward  loop  is 

Vr(jvf)/Verr<Jvf)  =  Kr  =  ka  ■  tc/tb, 

where  KT  is  the  per-unit  transient  gain.  TGR  compensation  thus  provides  a  gain  reduction 
Kj/Ka  =  Tc/Tb. 


The  concept  of  TGR  is  illustrated  in  Figure  7.3  on  page  317  in  which  the  corner  frequencies 
are  co,  =  1  /TB  and  k>2  =  1  /Tc. 

The  classical  design  approach  for  determining  the  parameters  T  and  a  are  considered  in 
Section  2.12.1.5  and  in  texts  on  control  system  analysis  [8],  [9],  However,  let  us  demonstrate 
a  somewhat  different  approach  bearing  in  mind  that  the  relevant  performance  requirements 
of  the  generation  and  excitation  system  have  to  be  satisfied  for  the  generator  on-line.  In  par¬ 
ticular,  the  unit  must  operate  stably  at  lower  power  levels  before  the  PSS  is  switched  on,  say, 
at  0.3  pu  power.  Furthermore,  the  requirements  should  apply  for  the  appropriate  range  of 
operating  conditions,  particularly  at  leading  power  factors,  N-l  contingencies,  etc. 

A  method  for  determining  the  parameters  for  TGR  compensation  and  evaluating  its  perfor¬ 
mance  is  demonstrated  in  the  following  illustrative  examples  which  consider  both  the  on¬ 
line  and  off-line  cases. 

7.6.2  The  performance  of  the  generator  and  compensated  excitation  system  on¬ 
line 

7. 6. 2. 1  Preliminary  off-line  considerations 

When  the  unit  is  off-line  (i.e.  with  the  generator  main  breaker  open  and  the  unit  running 
isolated  from  the  power  system)  and  under  closed-loop  voltage  control  the  transfer  function 
of  the  generator  is  assumed  to  be  Ggen(s)  =  1/(1  +  T'do),T'd0  =  5.0s.  The  simple  transfer 

function  of  the  exciter  is  Gex(s )  =  K E/ ( 1  +  sT E),  where  KE  =  1.0,  TE—  0.1  s.  (For  the  on¬ 
line  analysis  the  generator  parameters  are  listed  in  Appendix  7— 1.1.1.)  For  this  unity  feed¬ 
back  system,  shown  in  Figure  7.5,  the  low  frequency  or  ‘DC’  gain  of  the  forward  loop  is  thus 
KA  when  off-line.  In  order  for  the  voltage  regulation  to  be  better  than  0.5%  when  the  unit 
is  off-line,  the  AVR  gain  KA  =  250  pu  is  selected;  this  results  in  a  steady-state  error  of 
1/(1  +  250)  =  0.4  %  -  which  is  less  than  the  specified  value  of  0.5%.  (see  Section  7.4). 
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7. 6. 2.2  On-line  studies 

The  approach  to  the  design  of  the  TGR  block  is  demonstrated  for  an  excitation  system  with 
an  AVR  gain  initially  set  to  lower  values  of  KA  without  compensation.  The  initial  study  is 
based  on  the  generator  on-line  connected  to  the  external  system  shown  in  Figure  7.4.  A 
study  of  the  performance  of  the  generator  on-line  without  and  with  TGR  compensation  in 
its  AVR  will  follow. 

For  Ka  =  1  pu,  Ta  =  0  and  without  compensation  the  Bode  Plot  Vt/Vrej-  with  the  terminal- 
voltage  feedback  loop  open  is  shown  in  Figure  7.6.  If  the  forward-loop  gain  KA  is  increased 
to  32  pu  (~30  dB)  without  compensation,  we  note  that  the  gain  cross-over  frequency  (co^q) 
is  3.1  rad/ s  and  the  associated  Phase  Margin  (PM)  is  78°  .  With  such  a  PM  not  only  is  the 
system  stable  when  the  voltage  feedback  loop  is  closed,  but  the  time  response  of  the  termi¬ 
nal  voltage  to  a  step  change  in  reference  voltage  will  be  over-damped.  (A  PM  >  60  °  for  the 
terminal-voltage  feedback  loop  typically  provides  a  well-damped  response  to  disturbances 
in  that  loop.  However,  the  response  associated  with  the  lightly-damped  rotor  mode  at  about 
9  rad/ s  (evident  in  Figure  7.6)  may  be  superimposed  on  the  well-damped  terminal  voltage 
response  to  a  step  change  in  reference  voltage.) 

A  transient  gain  KT  =  32  pu  will  be  adopted  in  this  and  other  examples.  As  stated  in 
Section  7.4  it  is  suggested  that  the  transient  gain  should  be  less  than  25  pu  for  the  latter  time 
constants.  However,  it  will  be  established  that  the  selected  value  of  transient  gain  is  satisfac¬ 
tory  for  this  N-l  operating  condition. 

The  proposed  AVR  gain  is  KA  =  250  pu  or  48  dB.  Since  the  desired  transient  gain  is  KT  =  32, 
the  TGR  transfer-function  must  provide  attenuation  of  Kj/Ka  =  32/250  =  0.128  (-18  dB) 
at  frequencies  less  than  that  of  gain-crossover  frequency  ( coco  =  3.1  rad/s).  Furthermore, 
the  PM  of  78°  with  KT  =  32  pu  should  not  be  significantly  reduced  by  the  TGR  transfer- 
function.  As  pointed  out,  such  a  value  for  the  PM  is  likely  to  lead,  under  closed-loop  voltage 
control  with  TGR,  to  an  over-damped  terminal  voltage  response  to  a  step  change  in  refer¬ 
ence  voltage. 

Let  us  locate  the  upper  corner  1  /Tc  of  the  TGR  transfer  function  at  a  decade  below  roco  . 
The  effect  of  the  corner  at  \/Tc  =  a>co/10  will  cause  the  PM  to  be  reduced  by  about  5  . 
Therefore  1  /Tc  =  0.31  rad/s,  or  Tc  =  3.125  s. 
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-0  _i  n  i  o 

10  10  10  10  10 

Frequency  (rad/s) 

-  K  =1  -  K  =32  -  K  =250  +  TGR 

A  A  A 

Figure  7.6  Unit  on-line:  Bode  Plots  of  the  open-loop  terminal  voltage  for  (i)  no  TGR 
compensation,  KA  =  1  pu;  (ii)  no  TGR,  KA  =  32  pu;  (iii)  with  TGR,  KA  =  250  pu. 

The  attenuation  provided  by  the  TGR  transfer  function  over  the  frequency  range,  from  DC 
to  high  frequencies  (coT  »  1),  is  shown  in  Section  7.6.1  to  be  Tq/Tb  or  1/a  .  The  log-mag¬ 
nitude  attenuation  of  the  TGR  transfer  function  is  18  dB,  i.e.  201og10a  =  18  dB,  or  a  =  8. 
The  lower  corner  frequency  of  the  TGR  transfer  function  is  then  located  at  l/(aT)  =  0.04 
rad/s,  i.e.  TB  =  a T  =  25  s. 

Thus,  for  Ka  =  250  pu,  the  TGR  transfer  function  is  .  The  Bode  Plots  for  the  case 

Ka  =  250  pu  (with  TGR  compensation),  is  shown  in  Figure  7.6. 

The  PM  for  the  compensated  case  is  76°  at  3.1  rad/s  (a  value  close  to  that  of  78°  for  the 
uncompensated  case  with  KA  =  32  pu).  Eigen-analysis  conducted  on  the  closed-loop  system 
(with  outage  of  line  ‘a’)  reveals  that  the  rotor  mode  of  oscillation  is  -  0.27  ± y'8.83;  the  asso¬ 
ciated  halving  time  is  2.55  s  which  satisfies  the  damping  performance  requirements.  The 
closed-loop  time  responses  for  perturbations  in  the  terminal  voltage,  exciter  voltage  and  field 
current  due  to  a  step  increase  in  the  reference  voltage  of  0.01  pu  (i.e.  1%)  are  shown  in 
Figure  7.7. 
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Figure  7.7  Unit  on-line  with  closed-loop  control  of  terminal  voltage:  perturbations  in  gen¬ 
erator  terminal  voltage  (Vt),  field  voltage  (Ej)  and  current  (If)  for  a  step  change  in  reference 
voltage  from  a  steady-state  value  of  1.0  pu  to  1.01  pu  (1%). 

Increasing  the  forward-loop  gain,  or  increasing  the  time  constant  To  could  reduce  the  PM 
from  76°  to  a  lower  value.  This  would  improve  the  closed-loop  terminal  voltage  response 
from  over-damped  to  well  damped.  However,  there  may  be  concern  that  the  compensated 
system  lacks  robustness,  say,  to  ±6  dB  variation  in  the  loop  gain.  For  example,  it  may  be 
deduced  from  Figure  7.6  that  a  6  dB  increase  in  gain  increases  the  gain-cross-over  frequency 
to  about  6  rad/ s.  This  would  not  only  result  in  a  poorly-damped  terminal  voltage  response 
to  a  step  change  in  the  reference-input  but,  due  the  proximity  to  the  lightly-damped  rotor 
mode,  a  damped  oscillation  of  frequency  8.8  rad/ s  would  be  superimposed  on  it.  Bearing  in 
mind  that  the  system  is  operating  in  a  N-l  condition,  the  risk  associated  with  the  lack  of  ro¬ 
bustness  would  need  to  be  taken  into  consideration.  It  will  be  shown  later  it  is  necessary  to 
examine  a  range  of  encompassing  N  and  N-l  conditions  to  establish  the  validity  of  the  se¬ 
lected  compensation. 

As  will  be  illustrated  in  Appendix  7—1.5,  it  is  desirable  for  the  phase  response  shown  in 
Figure  7.6  to  be  “flatter”  in  the  vicinity  of  the  gain  cross-over  frequency  to  ensure  a  phase 
margin  of  at  least,  say  of  60  ° ,  for  a  ±6  dB  variation  in  the  loop  gain. 


7.6.3  The  performance  of  the  generator  and  compensated  excitation  system  off¬ 
line 

The  performance  of  the  generating  unit  when  running  off-line  at  rated  speed  and  under 
closed-loop  voltage  control  is  now  considered. 


Typically,  the  only  relevant  generator  parameter  when  off-line  is  its  open-circuit  time 
constant  1 .  As  stated  earlier,  the  generator  is  modelled  in  Figure  7.5  by  the  simple  transfer 
function  1/(1  +  sT'jq).  The  gain  KA  =  250  pu. 
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The  open-loop  Bode  Plots,  Vt/Vref,  (i)  with  no  compensation,  and  (ii)  with  the  TGR  pa¬ 
rameters  determined  above  for  the  on-line  case,  are  shown  in  Figure  7.8.  With  no  compen¬ 
sation,  the  phase  margin  (PM)  of  26  °  at  21  rad / s  suggests  that  under  closed-loop  voltage 
control  the  responses  to  step  changes  in  voltage  will  be  lightly  damped  and  oscillatory.  With 
compensation  the  phase  margin  PM  is  60  °  at  5.5  rad / s,  thus  the  closed-loop  step  response 
is  adequately  damped.  The  time  responses  of  terminal  voltage  to  a  1%  step  change  in  refer¬ 
ence  voltage  are  shown  in  Figure  7.9. 


-2-10  1  2 
10  10  10  10  10 

Frequency  (rad/s) 

-  TGR  Compensation  -  No  Compensatioi 

Figure  7.8  Unit  off-line,  KA  —  250  pu:  Bode  Plots  of  the  open -loop  terminal  voltage 

V t/  V ref  with  and  without  TGR 

(with  TGR,  PM=60°  at  5.5  rad/s;  without  TGR,  PM=26°  at  21  rad/s). 


1.  The  effects  of  generator  saturation  have  been  ignored.  Saturation  may  result  in  a  reduc¬ 
tion  of  loop  gain,  at  1  pu  terminal  voltage,  in  the  simple  model  of  the  generator. 

In  some  types  of  excitation  systems,  such  as  brushless,  it  may  be  necessary  to  model  the 
demagnetizing  effects  of  the  generator  field  current  on  the  performance  of  the  exciter 
and  the  reduction  in  generated  field  voltage  due  to  loading  of  the  excitation  system  recti¬ 
fier  [12], 

These  effects  are  taken  into  account  in  Section  7.11. 
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-  TGR  Comp .  -  Uncompensated 

Figure  7.9  Unit  off-line:  Perturbation  in  terminal  voltage  on  closed  loop  due  to  a  step 
change  in  reference  voltage  from  a  steady-state  value  of  1.0  pu  to  1.01  pu  (1%) 

(with  and  without  TGR  compensation). 

7.6.4  Comparison  of  performance  of  the  excitation  control  system  on-  and  off-line 

The  analysis  of  the  performance  of  the  generating  unit  on-  and  off-line  is  summarised  in 
Table  7.1. 


Table  7.1  Performance  of  the  unit  on-  and  off-line  with  TGR  compensation 


Performance  Measures 

On-line 

Off-line 

Phase  Margin  from  Bode 
Plots 

KA= 250  pu 

U  ncompensated 

32°  at 

13.2  rad/s 

26°  at 

21  rad/ s 

TGR  compensation 

76°  at 

3.1  rad/s 

60°  at 

5.5  rad/s 

Performance  under  closed-loop  volfave  control  with  TGR  Compensation  (l 

(j  =  250  pu): 

1  o  1 

Rotor  mode  of  oscillation 

Value 

-0.27  ±y  8.8  a 

- 

Halving  time  (s) 

2.6 

- 

Voltage  response  to  a  step 
change  of  0  to  1%  in  Vref 

Peak  overshoot  (%  of 
step  size) 

none 

9%  at  0.55  s 

90%  rise  time  (s) 

0.6 

0.3 

2%  settling  time  (s) 

4.3 

0.8 

Terminal  voltage 
regulation 

Steady-state  error,  (%  of 
step  size) 

1.5 

0.4 

Effective  DC  gain  (pu) 

67 

250 

Note  a:  Without  compensation  the  on-line  rotor  mode  is  —  0.054  +  j 9.35  . 

Sec.  7.7 


PID  compensation 


327 


The  performance  of  the  generating  unit  off-line  satisfies  the  performance  criteria.  However, 
it  is  significant  that,  for  the  selected  operating  condition  with  the  unit  on-line,  the  effective 
steady-state  (‘DC’)  gain  is  reduced  from  250  to  67  pu.  As  a  result,  the  steady-state  error  ex¬ 
ceeds  the  requirements  of  the  Rules.  Furthermore,  due  to  the  lower  gain,  the  response  of 
terminal  voltage  to  a  step  change  in  voltage  reference  is  somewhat  sluggish  (see  Figure  7.7) 
-  although  the  settling  time  satisfies  the  specification  of  5  s. 

Ideally,  it  is  desirable  to  adjust  the  AVR  gain  of  the  unit  so  that  the  effective  gain  on-line  is 
200  pu  or  more,  i.e.  by  a  factor  of  200/ 67  =  3,  so  that  the  requirements  of  the  Rules  are  sat¬ 
isfied.  The  AVR  gain  must  therefore  be  increased  significantly;  however,  this  increase  must 
be  attenuated  at  low  frequencies  by  the  same  factor  so  that  conditions  in  the  vicinity  of  the 
gain  cross-over  frequency  in  the  Bode  Plot  remain  unchanged.  The  high-gain  solution  may 
be  unacceptable.  The  resolution  of  this  problem  is  (i)  to  review  the  design  in  the  light  of  the 
Rules  and  the  relevant  operating  conditions,  (ii)  to  examine  alternative  methods  of  compen¬ 
sation  -  for  example,  PID  compensation  which  is  considered  next. 

7.7  PID  compensation 

In  considering  the  use  of  Proportional  plus  Integral  plus  Derivative  (PID)  Compensation  it 
should  be  emphasized  that  the  approach  adopted  here  is  aimed  specifically  to  its  application 
in  the  tuning  of  AVRs.  The  design  of  PID  controllers  for  other  applications,  such  as  process 
controls,  is  covered  in  texts  such  as  [14],  [15]. 

The  structure  of  the  PID  Compensation  for  application  to  excitation  control  systems  is 
shown  in  Figure  7.10.  The  block  Kq/{  1  +  sTq)  in  the  AVR  is  a  simple  representation  of 
other  dynamic  or  control  elements. 


Figure  7.10  Block  diagram  of  PID  compensation. 


When  under  closed-loop  voltage  control  the  purpose  of  the  integrating  block  is  to  ‘integrate 
out’  any  steady-state  voltage  error  to  zero  by  providing,  in  effect,  an  infinite  steady-state 
gain.  The  voltage  regulation  is  therefore  zero  or,  in  the  steady  state,  the  pu  terminal  voltage 
is  equal  to  the  pu  reference  voltage  (see  Section  2.10.1.2).  This  feature  applies  to  both  off- 
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and  on-line  conditions  and  therefore  it  is  an  attractive  approach  to  compensation  to  ensure 
the  relevant  requirements  of  the  Rules  are  always  satisfied.  As  in  Transient  Gain  Reduction 
a  second  aim  for  the  compensator  is  to  provide  a  relatively  low  transient  gain,  Kj,  say  25  to 
50  pu,  in  the  forward  path  over  the  relevant  frequencies  of  the  rotor  modes  of  oscillation. 

The  derivative  action  of  the  derivative  block  (i)  speeds  up  what  otherwise  might  be  a  slug¬ 
gish  response  of  the  unit  to  disturbances  in  terminal  voltage,  (ii)  boosts  the  speed  of  re¬ 
sponse  of  the  field  voltage  following  the  application  and  clearance  of  a  major  fault,  and  (iii) 
limits  the  potentially  high  gain  at  high  frequencies  by  means  of  the  low-pass  filter 
1/(1  +sTd).  During  the  immediate  post-fault  transient  the  associated  increase  in  field  flux 
linkages  enhances  the  synchronizing  power  flow  between  the  generator  and  the  system  - 
thereby  enhancing  stability. 

Procedures  for  the  general-purpose  tuning  of  P1D  compensation  is  covered  fairly  extensive¬ 
ly  in  the  literature.  However,  a  systematic  approach  to  the  design  of  PID  compensation  for 
application  to  the  tuning  of  AVRs  of  synchronous  generators  is  to  be  developed  for  which 
the  theoretical  background  to  the  method  is  outlined  in  the  following  section.  Thereafter, 
an  example  of  the  method  is  provided  for  comparison  with  the  other  methods  of  compen¬ 
sation  described  in  other  sections. 

We  will  assume  that  the  general  form  of  the  desired  characteristics  for  PID  compensation 
in  the  application  to  AVR  tuning  is  summarized  in  the  straight-line  frequency  response  plot 
of  the  transfer  function  Gc(s)  in  Figure  7.11. 


Figure  7.11  Straight-line  approximation  of  the  magnitude  response  of  the  PID 

transfer  function  Gc(s). 
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7.7.1  PID  Compensation:  Theoretical  Background 


Figure  7.12  Block  diagram  of  the  practical  PID  compensator 


The  block  diagram  of  a  practical  form  of  the  PID  compensator  is  shown  in  Figure  7.12.  Its 
transfer  function  is: 


Gc(s) 


r K,  sKn  -|  Kr 

—  +  K  + - - 

_s  p  l+sT^J  1  +sTg 


(7.2) 


It  is  convenient  to  consider  a  number  of  forms  of  this  compensator  both  from  the  analysis 
and  practical  applications  points  of  view.  We  will  describe  the  forms  that  are  to  be  analysed 
as  PID  Types  1  to  3  as  follows: 


Type  1:  TD  =  0,  KG  =  1,  Tq  =  0.  The  PID  transfer  function  is 

GclC0  =  (K/s)  +  Kp  +  sKD 


(7.3) 


Type  2A  and  2B:  T D  >  0,  KG  >  0,  TG  =  0.  The  PID  transfer  function  is 

Gc2(s )  =  {(K/s)  +  Kp+[sKD/(l+sTD)\}-KG.  (7.4) 

Type  3:  TD  >  0,  KG  >0,  Tq  >  0.  The  PID  transfer  function  is  described  by  (7.2) 

with  Gc3(s)  =  Gc{s). 

While  the  forms  of  the  transfer  functions  for  Types  2A  and  2B  are  identical,  the  locations 
of  the  upper  corner  frequencies  ro,  and  1  /TD  with  respect  to  the  range  of  modal  frequen¬ 
cies  differ.  This  is  explained  in  more  detail  in  Section  7. 7. 1.2. 

The  analysis  of  the  PID  transfer  function  represented  by  (7.2)  is  somewhat  complex.  Initially 
however,  we  can  obtain  useful  insights  and  information  from  an  analysis  based  on  the  simple 
Type  1  PID  transfer  function  of  (7.3).  We  will  return  to  Types  2  and  3  later. 
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7.7. 1.1  Characteristics  of  Type  1  P1D  compensation 

In  Type  1  PID  compensation  it  is  assumed  that  the  derivative  time  constant  is  zero, 
td  =  0  .  Three  convenient  forms  of  the  simple  Type  1  PID  are: 


K,  Kd 

GC^)  =  J  +Kp  +  sKd  =  ^- 


2  K 

s  ST  T 

KD  KD-l 


Kj)S  +  KpS  +  Kj 


(7.5) 


The  zeros  of  this  transfer  function  (.?  =  -tOj,  -©2)  can  be  derived  from  the  numerator  of 
(7.5)  when  it  is  expressed  in  the  following  form: 


(s  +  oq)(s  +  k>2)  =  s  +'s((01  +  k>2)  +  Oqttq  =  0. 


(7.6) 


Equating  the  coefficients  of  s  in  (7.6)  with  the  numerator 


s  +  ( Kp / Kd)s  +  ( Kj / Kd )  in  (7.5),  we  find  that  the  corner  frequencies  are 
1 


03 


1,2 


2Kd~2Kd 


Kpr 


'Xp-'K^  = 


D 


1+  T- 


4  W 


K2p  J 


,  moreover. 


(cOj  "t-  co 2 )  K. p/ Kp^  and  co j cd^  ^ d  • 


coefficients 


(7.7) 

(7.8) 


In  the  sequel  it  is  helpful  to  express  (7.5)  in  terms  of  the  zeros  (s  =  -oq,  -oq) : 

rK, 


0 

Gcl(s)  =  — J(s“  +  s(oq  +  C02)  +  COjCOj)  . 


Note  that  if  Kp  »  4 KjKd  the  corner  frequencies  reduce  to 


Kl  ,  Kp 
k>i  ,  and  ro2«  — 


r 


1- 


v 


Vi 

Kl 


ke 


K 


(7.9) 


(7.10) 


D 


If  the  corner  frequencies  are  well- spaced  apart,  say  k>2/ oq  >  10,  we  observe  that  the  fre¬ 
quency  co  j  is  that  associated  with  the  corner  of  the  transfer  function  (Kj/s  +  Kp),  likewise 
oq  with  the  corner  of  ( Kp  +  sKD ) . 


For  the  simple  Type  1  model  of  the  PID,  the  condition  for  the  corner  frequencies  of  (7.7) 
to  be  real  is  Kp  >  2  JKdKj  .  Thus  the  value  of  the  proportional  gain,  Kpb ,  at  which  the  real 
zeros  evolve  from  complex  values  is 


KPh  =  2  JK^K,. 


(7.11) 
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Substitution  of  this  value  of  Kpb  in  (7.7)  yields  the  identical  corner  frequencies 


K 


co 


Pb 


l’2  2  K 


D 


According  to  (7.8)  when  co  x  =  oy  we  find 


tt> 


1,2 


D\ 


rad/ s, 


(7.12) 


at  which  frequency  the  zeros  are  real  for  increasing  values  of  Kp . 


The  frequency  response  of  the  transfer-function  Gcl(s)  is  obtained  by  setting  s  =  yoy  in 
(7.5)  or  equivalendy  in  (7.9): 


Gc  i  (/'«>/) 


K, 


-  +/(^D' 


(7.13) 


For  real  values  of  the  corner  frequency  the  straight-line  approximation  of  the  magnitude  re¬ 
sponse  of  the  simple  Type  1  PID  transfer  function  (7.5)  is  shown  in  Figure  7.13. 


Magnitude 

(dB) 


Range  of  modal 
frequencies 


Frequency  oy 
(rad/  s) 


Figure  7.13  Straight-line  approximation  of  the  magnitude  response  of  the  simple  Type  1 
PID  transfer  function  Gcl(s)  (TD  =  0). 


The  desired  transient  gain  reduction  of  the  compensator  is  ideally  established  over  the  range 
of  modal  frequencies  in  the  constant  gain  region  of  the  straight-line  response  between  the 
corner  frequencies  ay  and  ay  .  At  very  low  and  at  high  frequencies  the  slope  of  the  magni¬ 
tude  response  is  -20  and  +20  dB/ decade,  respectively.  In  the  actual  magnitude  response 
the  gain  is  a  minimum,  Kmjn  =  Kp,  at  the  geometric  mean  of  the  two  corner  frequencies  1 , 

i.e.  at  a  frequency  of  «>min  =  J oyoy  ■ 


Using  the  result  of  equation  (7.8),  the  frequency  at  minimum  gain  is  given  by 

m min  =  JKI/KD  ’ 


(7.14) 
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and  is  independent  of  the  value  of  the  proportional  gain,  Kp .  Again  we  note  the  values  of 
oo  j  ,  from  (7.12)  and  to  ■  from  (7.14)  are  identical. 

Let  us  assume  Kp  is  to  be  varied  over  a  range  of  values  consistent  with  an  appropriate  level 
of  transient  gain  reduction.  Substitution  of  s  =  ja>min  =  j  JK/ KD  in  (7.5)  for  Gcl(s)  yields 
a  value  of  Gcl(y  co  ■  )  =  Kp .  In  other  words,  the  minimum  gain  of  the  simple  Type  1  PID  over 
the  frequency  range  is  equal  to  the  setting  of  the  proportional  gain,  KP.  As  has  been  noted  -  in 
terms  of  the  magnitude  response  of  Figure  7.13  -  the  straight-line  segment  between  aq  and 
a>2  represents  the  gain  KP  (dB).  The  value  of  the  proportional  gain  KP  is  thus  close  to  the 
value  of  the  transient  gain,  KT,  particularly  when  the  corners  are  well-spaced  apart. 

The  above  analysis  provides  a  procedure  for  AVR  tuning  when  based  on  the  simple  Type  1 
PID  transfer  function  (7.5).  The  steps  in  the  procedure  are: 

1 .  Select  a  value  for  the  desired  minimum  transient  gain  Kp  over  the  modal  frequency 
range.  Note  that,  since  this  is  the  minimum  value  between  the  corner  frequencies, 
the  effective  gains  closer  to  the  corners  will  be  somewhat  higher. 

2.  Select  the  value  for  the  lower  corner  frequency  oq  which  is  typically  close  to  the 
value  Kj/ Kp  (see  (7.10));  hence  deduce  a  value  for  Kj  =  ts>^Kp . 

3.  In  order  to  achieve  the  desired  transient  gain  reduction,  set  co  ■  to  a  value  in  the 
vicinity  of  the  geometric  mean  of  the  selected  modal  frequency  range,  say  co  ■  =  3 
rad/s  for  a  range  of  modal  frequencies,  1.0  to  10  rad/s.  From  (7.14) 

amin  =  JKj/Kd- hence  estimate  KD  =  K/ <a1 2min  . 

4.  From  (7.11)  check  that  the  value  of  Kp  selected  ensures  that  the  corner  frequencies 
assume  real  values.  That  is,  ensure  Kp  >  2  JKdKj  . 

5.  Evaluate  the  actual  corner  frequencies  of  the  simple  Type  1  PID  transfer  function 
from  (7.7),  and  plot  the  frequency  responses. 

6.  Analyse  the  dynamic  performance  of  the  generator  and  excitation  system  when  off¬ 
line  and  on-line  over  a  range  over  steady-state  operating  conditions.  Adjust  the 


1.  Alternatively,  for  a  transfer  function  of  the  form  of  (7.5),  i.e.  (as  +  bs  +  c )/ s  ,  a  simple 
analysis  reveals  the  magnitude  of  the  transfer  function  is  a  minimum  at  co  ■  =  fc/ a  , 

s  =  j  CO  .  Furthermore,  the  phase  angle  traverses  from  -90°  at  low  frequencies  to  +90° 
at  high  frequencies  and  passes  through  zero  phase  at  co  ■  .  This  result  can  also  be  deter¬ 
mined  easily  from  (7.13). 
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parameters  of  the  PID  to  satisfy  the  performance  specifications  for  the  generating 
unit  off-  and  on-line;  repeat  steps  1  to  6. 

It  should  be  noted  that  the  gains,  as  determined  and  discussed  in  the  context  of  this  chapter, 
are  in  per-unit  on  the  relevant  generator  and  exciter  field  voltage  and  current  base  values, 
and  generator  stator  base  voltage.  However,  the  gains  of  the  AVR  as  identified  in  the  actual 
software  (or  hardware)  of  the  excitation  system  may  be  on  quite  different  and  varied  bases 
depending  on  the  manufacturer’s  scaling  system  in  their  control  design.  As  such,  care  needs 
to  be  exercised  in  the  field  when  translating  gains  to  and  from  the  actual  settings  in  the  con¬ 
trols  and  those  which  are  used  in  simulation  platforms  such  as  that  discussed  here. 

7. 7. 1.2  Characteristics  of  Type  2  PID  compensation 

An  expanded  form  of  the  Type  2  PID  transfer  function  of  (7.4),  in  which 
TD> 0,  kg>0’Tg  =  °’is 


Gc2(s)  =  \  [s-(Kd  +  KpTD)+  s{Kp  +  KiTd)  +  KI\/[s{\+  sTD)\y  Kg 

The  zeros  of  this  transfer  function  are  derived  from  the  numerator  of  (7.15): 


2  , 

s  +  s 


r  v  +  k  T  \ 
^  'V  D 


\Kd  +  KpTDj 


K, 


kd+kptd 


=  0. 


This  equation  is  of  the  form: 

2 

(s  +  Oq)(s  +  tt>2)  =  s  +j(tOj  +  K>2)  +  C0[(09  =  0. 

Equating  the  coefficients  of  rin  (7.16)  and  (7.17),  and  solving  for  oq  2 ,  we  find: 


tt> 


Kp  +  KjTd 


(Kp  +  KjTjf)  -  4(Kd  +  KpTD)K 


p  D‘ 


1,2 


2  (KD  +  KpTDy 


2(KD  +  KpTD) 


1+  1  —  ■ 


4  (Kd  +  KpTd)K 


2(KD  +  KpTD)^  ^  (Kp  +  KjTDY  y 

thus  (tO[+to2)  =  (Kp  + K^Tjf)/(Kj-)  + KpTjf) ;  oqoq  =  Kj/(Kp  +  Kp Tpf) . 
From  (7.18)  it  can  be  shown  that  the  zeros  of  Gc-,(s),  (Bj  2,  are  real  if 

Kp  -  KjTp  ±  2  JxfpK, . 


(7.15) 


(7.16) 


(7.17) 


(7.18) 


(7.19) 


(7.20) 


An  alternative  form  of  (7.15)  -  which  accommodates  real  corner  frequencies  aq  and  co2  -  is 

(1  +s/aq)  (1  +  s/aq) 


Gc2{s)  =  K- 


(1  +sTd) 


S 


(7.21) 


334 


Introduction  to  the  tuning  of  AVRs  Ch.  7 


where  K  =  Kj  -  KG .  The  method  for  deriving  the  straight-line  approximation  of  the  fre¬ 
quency  response  of  Gc2(j(o j)  based  on  (7.21)  is  outlined  in  Section  2.12  and  texts  on  control 

system  analysis.  This  response  is  shown  in  Figure  7.14  for  what  will  be  called  Type  2A  P1D 
compensation  in  which 

oo  j  <  range  of  modal  frequencies  <  ©2  <  (1  /TD) . 

Type  2B  P1D  compensation,  for  which  ©  l  <  ©2  <  range  of  modal  frequencies ,  and 
©!  <  ©2  <  ( 1  / T D)  will  be  considered  in  Section  7.8. 


Magnitude 

(dB) 


Range  of  modal 


Figure  7.14  Straight-line  approximation  of  the  frequency  response 
of  the  Type  2A  PID  compensator  transfer  function  Gc2{s). 


In  a  Type  2A  PID  the  desired  transient  gain  reduction  of  the  compensator  is  ideally  estab¬ 
lished  over  the  range  of  modal  frequencies  in  the  constant  gain  region  of  the  straight-line 
response  between  the  corner  frequencies  ©j  and  ©0  .  For  the  Type  2A  PID  (with  KG  =  1  ) 
the  transient  gain  KT  is  assumed  to  set  to  the  value  of  KP,  the  proportional  gain  for  purposes 
of  design.  At  low  and  high  frequencies  the  slope  of  the  response  on  either  side  of  these  fre¬ 
quencies  is  -20  and  +20  dB/decade,  respectively.  The  effect  of  the  corner  1  /TD  (>©-,) 
results  in  the  gain  at  high  frequencies  of  the  PID  transfer  function  (7.15)  tending  to 

Kg[(Kd/Td)  +Kp],  as  ^  ->  oo .  (7.22) 

This  gain  may  be  considered  unacceptably  high  and  appropriate  adjustments  to  the  param¬ 
eters  in  (7.22)  may  be  required. 

The  frequency  at  which  the  magnitude  response  of  the  PID  transfer  function  (7.15)  is  a  min¬ 
imum  involves  some  tedious  analysis  1 . 


1.  This  involves  finding  the  minimum  of  the  magnitude  of  the  PID  transfer  function  (7.15) 
with  s  =  jidj-  and  making  use  of  the  Symbolic  Maths  Toolbox  in  MATLAB®. 
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For  a  non-zero  value  of  To  the  corner  frequency  1  /TD  is  typically  a  decade  or  more  greater 
than  co  ■  .  In  this  case  the  magnitude  and  phase  contribution  of  the  transfer  function 
1/(1+^)  to  the  frequency  response  at  a>mjn  is  reduced  by  a  factor  of  more  than  0.995 

(-0.043  dB)  and  by  an  angle  less  than  5.7°  ,  respectively.  As  a  result  the  minimum  of  the 
magnitude  of  the  practical  PID  transfer  function  occurs  at  a  slightly  lower  frequency  than 
(Qmin  based  on  (7.14). 

7.7.13  Characteristics  of  Type  3  PID  compensation 


Based  on  (7.2)  and  (7.15),  the  Type  3  PID  Compensator  can  be  expressed  as 


GA1 2 3 * S)  = 


sfKD  +  KpTD)  +  s(Kp  +  KTd)  +  K,  K, 


s(l+sTD) 


1  +sT, 


(7.23) 


which,  like  (7.21),  is  of  the  form: 


Gc3(.)  =  Kj 


(1  +  s/tOj) 


(1  +  s/(02) 
(1  +sTd) 


kg 

1  +  sTq  ’ 


(7.24) 


where  crq  and  co^  are  real  values  given  by  (7.18)  and  T D  >  0,  KG  >0,  Tc>  0.  Being  three 
transfer  function  blocks  in  series,  the  frequency  response  analysis  Gc3(s)  based  on  (7.24) 
can  be  conducted  as  described  in  Sections  2.7  and  2.12,  and  in  texts  on  control  system  anal¬ 
ysis. 


With  Tq>  0  in  (7.24),  and  \/Tq> \/Td,  the  low-pass  filter  1/(1  +  sT  G)  may  be  employed 

to  attenuate  high  frequency  signals  -  such  as  noise  -  as  illustrated  in  Figure  7.1 1  on  page  328. 

7.7.2  Tuning  methodology  for  PID  Compensation  Types  1  and  2A 

7. 7.2.1  Tuning  of  simple  Type  1  PID  compensation 

Let  us  adopt  the  following  specifications  as  the  starting  point  for  the  tuning  of  Type  1  PID 

compensation  based  on  (7.5). 

1.  Over  the  range  of  local-  and  inter-area  modal  frequencies  of  1.5  to  12  rad/s  the 
effective  transient  gain,  KT,  of  the  AVR  /  excitation  system  is  to  be  25  -  50  pu  on 
machine  base  (i.e.  28.0  -  34.0  dB);  a  value  of  32  pu  will  be  selected. 

2.  The  corner  frequencies  of  PID  transfer  function  are  to  lie  outside  the  range  of 
modal  frequencies  of  1  to  10  rad/s. 

3.  For  a  0  to  1%  step  change  at  the  voltage  reference  input  of  the  closed-loop  voltage 

control  system,  off-line  or  on-line,  (a)  the  terminal  voltage  overshoot  should  be  less 
than  7.5%,  (b)  the  90%  rise  time  should  be  less  than  1  s,  and  (c)  the  2%  settling  time 

of  the  terminal  voltage  should  be  less  than  5s. 
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4.  The  criterion  for  on-line  system  damping  performance  is  that  the  real  parts  of  all 
rotor  modes  should  be  less  than  -0.139  Np/ s  (a  halving  time  of  5  s). 

Let  us  follow  the  steps  in  Section  7. 7. 1.1  for  the  determination  of  the  parameters  of  the  sim¬ 
ple  PID  transfer  function. 

1.  Assume  the  proportional  gain  setting  of  the  PID,  Kp,  is  32  pu;  let  Kq  =  1. 

2.  Assume  the  lower  corner  frequency,  aq  &Kj/Kp,  is  0.5  rad/s.  The  value  of  K  f  is 

thus  16  pu/s. 

3.  Based  on  the  straight-line  magnitude  response  in  Figure  7.13,  select  the  value  of  fre¬ 
quency  (rad/ s)  at  which  the  magnitude  of  the  simple  PID  is  to  be  a  minimum.  For 
the  range  of  modal  frequencies,  say,  a  value  of  to  .  =  3.2  rad/s  is  close  to  the 

geometric  mean  (.v/lO)  of  the  specified  modal  frequency  range.  According  to  (7.14) 
2 

the  ratio  Kj/Kd  =  «>min  =  10.24,  thus  selecting  Kj=  16  yields  KD  =  1.56  pu-s; 
let  Kd  —1.5  pu-s  (say)  with  the  result  that  ro  ■  =  3.27  rad/ s. 

4.  From  (7.11),  the  value  of  the  proportional  gain  Kp  at  which  the  complex  zeros  of 

the  Type  1  PID  transfer  function  assume  a  real  value  is  Kpb  =  2  JKdKj  =  9.80  pu. 

We  also  know  that  the  value  of  gain  at  a>min  is  the  setting  of  Kp,  Kp  >  Kpb. 

5.  With  KP  =  32  pu,  Kj—  16  pu/s  and  KD  =1.5  pu-s  the  corner  frequencies  of  the 
Type  1  PID  are  calculated  from  (7.7).  The  values  are  aq  =  0.51  and  co2  =  20.8  rad/ 
s;  both  values  are  outside  the  specified  range  of  modal  frequencies. 

It  is  instructive  to  derive  the  frequency  response  of  the  simple  Type  1  PID  compensator  for 
a  range  of  values  of  KP  from  0  to  44  pu,  including  the  selected  gain  setting  of  32  pu.  The 
responses  are  shown  in  Figure  7.15.  For  KP  =  32  pu  we  note  the  value  is  almost  constant 
over  the  selected  modal  frequency  range,  that  is,  for  all  intents  and  purposes  the  value  of  the 
transient  gain  Kpis  equal  to  the  proportional  gain  KP. 

The  high-frequency  gain  (above  the  range  of  modal  frequencies)  may  become  excessive.  To 
limit  the  gain  the  time  constant  Td  in  the  PID  transfer  function  of  (7.4)  is  set  to  a  non-zero 
value.  This  is  considered  in  the  tuning  of  Type  2A  PID  compensation  in  the  following  sec¬ 
tion. 
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Figure  7.15  Frequency  responses  of  the  Type  1  PID  for  Kj  =  16  pu/s ,  KD  =  1.5  pu-s, 
td  =  o  s  and  values  of  Kp  between  0  and  44  pu;  the  dashed  lines  apply  to  complex  zeros 

of  Gcl0). 


7. 7.2.2  Tuning  of  Type  2A  PID  compensation 

An  approach  to  the  tuning  of  this  compensation  for  the  off-  and  on-line  dynamic  perfor¬ 
mance  of  the  AVR  is  covered  in  some  detail  in  Sections  1 .1.2.2  to  7. 7. 2. 4.  Because  a  lightly 
damped  rotor  mode  arises  in  the  on-line  case,  an  exploratory  tuning  of  a  PSS  for  the  gener¬ 
ator  and  system  is  considered. 


As  foreshadowed  in  Section  7.7.1 .2  and  Figure  7.14  the  low-pass  filter  1/(1  +  sTd)  is  intro¬ 
duced  to  the  Type  2A  PID  transfer  function  to  limit  its  high-frequency  gain. 

The  same  specifications  as  for  the  Type  1  PID  are  assumed  for  the  tuning  of  Type  2A  PID 
compensation  based  on  (7.4),  however,  an  appropriate  value  of  the  time  constant  td  must 
be  determined.  For  the  range  of  modal  frequencies,  1.5  to  12  rad/s,  a  frequency  of 
iomin  =  3.27  rad/s  is  nominally  assumed  at  which  the  magnitude  response  of  the  Type  1 
PID  transfer  function  is  a  minimum;  in  fact,  the  minimum  will  be  a  lower  value  for  the  Type 
2A  PID. 
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Steps  1,  2  and  3  of  the  PID  design  procedure  are  the  same  as  those  listed  in  Section  7.7.2. 1 
for  the  Type  1  PID,  which  yielded  Kp  =  32  pu,  Kj  =  16  pu/ s  and  KD  =1.5  pu-s.  The  cor¬ 
ner  associated  with  td  is  selected  to  have  a  value  greater  than  that  of  the  upper  corner  fre¬ 
quency,  (Ot  =  20.8  rad/s,  calculated  in  step  5  for  the  Type  1  PID.  Let  us  consider  three 
alternative  values  for  TD,  namely  td  =  o  .0125,  0.025  and  0.0375  s;  the  associated  corner  fre¬ 
quencies  of  80,  40  and  26.7  rad/s,  respectively. 

With  Td<  1  /k>2  and  Kq  —  1  the  value  of  the  proportional  gain  Kpb  at  which  the  real  cor¬ 
ners  evolve  from  complex  values  is  derived  from  (7.20),  i.e.  Kph  =  KjTd  ±2Jkdki  Pu-  For 
the  range  of  values  of  td  selected,  the  corner  frequencies  are  real  for  values  of  the  gain  Kp 
greater  than  Kph  =  1 0.4  pu. 

The  corner  frequencies  to  j  and  ©2  of  the  Type  2A  PID  are  calculated  from  (7.18);  the  values 
are  given  in  Table  7.2  and  are  outside  the  specified  range  of  modal  frequencies,  1  to  10  rad/ 
s.The  frequencies  at  which  the  magnitude  responses  of  the  Type  2A  PID  transfer  function 
(7.15)  are  a  minimum,  together  with  other  relevant  statistics,  are  also  listed  in  Table  7.2. 

The  frequency  responses  of  the  PID  for  the  selected  values  of  Td  are  shown  in  Figure  7.16. 

Table  7.2  Characteristics  of  Type  2A  PID  (7.15) 


Td 

(S) 

Corner  Frequencies  (rad /  s) 

At  minimum  of  magnitude 
response*: 

High 

frequency 

gam 

(pu)  |  (dB) 

COj 

C02 

\/td 

® min 
rad  /  s 

Magni¬ 
tude  (pu) 

Phase 

O 

0 

0.51 

20.8 

- 

3.27 

32 

0 

- 

0.0125 

0.51 

16.4 

80 

2.92 

32.2 

-1.6 

152  |  43.6 

0.0250 

0.51 

13.6 

40 

2.73 

32.3 

-3.0 

92  |  39.3 

0.0375 

0.51 

11.6 

26.7 

2.58 

32.5 

-4.3 

72  |  37.1 

PID  Parameters  are  Kp  —32  pu,  Kj  —16  pu/ s,  Kp  =1.5  pu-s,  Kq  —1  pu; 


Tp  =  1  /©£>  is  a  variable  parameter. 
*  Values  read  off  frequency  responses  in  Figure  7.16 
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-  T  =0  -  T  =0.0125 

D  D 

-  T  =0.025  -  T  =0.0375 

D  D 

Figure  7.16  Frequency  response  of  the  Type  2A  PID  for  a  range  of  values  of  td- 
The  PID  parameters  are  Kp  =  32  pu,  Kj  =  16  pu/ s,  KD  =1.5  pu-s,  KG  =  1  pu,  TD. 

7. 7.2.3  Dynamic  performance  of  the  Type  2A  PID  with  the  generating  unit  off-line 
The  following  studies  are  based  on  the  SM1B  system  in  which  one  line  is  out  of  service  as 
shown  in  Figure  7.4.  The  block  diagram  of  PID  compensation  and  generator  are  shown  in 
Figure  7.10  on  page  327;  the  gain  KG  of  the  series  block  in  the  PID  is  set  to  unity  and  its 
time  constant  T G  is  zero.  The  parameters  of  the  sixth-order  generator  are  listed  in 
Appendix  7— 1.1.1.  When  off-line,  it  is  assumed  -  using  first-order  transfer  functions  -  that 
the  relevant  generator  and  excitation  parameters  are  T do  =  5.0  s  and  Te  —  0.1  s,  respective¬ 
ly- 

The  purpose  of  the  following  analysis  is  to  establish  whether  the  specifications  for  the  off¬ 
line  performance  are  satisfied.  Firstly,  from  the  open-loop  frequency  response  plot  of  the 
PID  plus  the  excitation  system  and  generator,  it  is  desirable  to  determine  information  on  the 
stability  of  the  closed-loop  voltage  control  system  and  the  nature  of  its  dynamic  perfor¬ 
mance.  The  Bode  plot  of  the  open-loop  system,  Vf  Vrej,  is  shown  in  Figure  7.17  for  the 
range  of  values  of  Td  listed  in  Table  7.2. 
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-  T  =0  -  T  =0.0125 

D  D 

-  T  =0.025  -  T  =0.0375 

D  D 

Figure  7.17  Unit  off-line.  Bode  plot  V/Vrej-  of  the  open-loop  voltage  control  system. 
Type  2A  PID  parameters  are  Kp  =  32  pu,  Kj  —  16  pu/ s,  KD  —1.5  pu-s,  KG  =  1  pu;  TD  s. 

From  Figure  7.17  it  is  observed  that  at  the  gain-crossover  frequency  of  5.9  rad/ s  the  phase 
margin  is  approximately  71°  -  73°  for  all  values  of  td  .  The  generating  unit  when  off-line  is 
therefore  stable  under  closed-loop  voltage  control  and  the  response  of  terminal  voltage  to  a 
step  change  in  reference  voltage  is  well  damped.  This  is  observed  in  Figure  7.18  which  re¬ 
veals  that  the  value  of  the  time  constant  Td  has  little  effect  on  the  response. 

Because  the  phase  margin  shown  in  Figure  7.17  for  all  values  of  To  is  adequate,  it  may  be 
of  interest  to  increase  the  gains  of  the  PID  by  increasing  the  setting  of  KG,  say,  by  factors 
of  two  or  three  (6  and  9.5  dB  respectively).  By  lowering  the  0  dB  axis  in  the  Bode  diagram 
of  Figure  7.17  by  6  or  9.5  dB  the  resulting  phase  margins  are  shown  in  Table  7.3  to  lie  be¬ 
tween  69°  and  56°. 
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-  T  =0  -  T  =0.0125 

D  D 

-  T  =0.025  -  T  =0.0375 

D  D 

Figure  7.18  Unit  off-line.  Perturbations  in  terminal  voltage  due  to  a  step  change  in  refer¬ 
ence  voltage  from  a  steady-state  value  of  1.0  pu  to  1.01  pu  (1%).  The  unit  is  under  closed- 
loop  voltage  control  for  the  specified  range  of  values  of  TD,  KG  =  1  . 

(Note  scale  range  on  y-axis). 

Table  7.3  Phase  Margins  of  the  off-line  generator  for  a  range  of  settings  of  KG  and  td 


kg 

td- 

O.s 

Td  =  0.0125  s 

Td  =  0.025  s 

Td  =  0.0375  s 

(pu) 

PM° 

“geo 

PM° 

agco 

PM° 

®gco 

PM° 

®gco 

1 

73 

5.7 

72 

5.7 

72 

5.8 

71 

5.9 

2 

69 

9.9 

67 

10.2 

65 

10.5 

62 

10.8 

3 

68 

13.4 

65 

14.1 

60 

14.6 

56 

14.9 

PM:  Phase  Margin  (°  ).  ®gC0  •  Gain  cross-over  frequency  (rad/ s) 


For  the  purpose  of  analysis  of  the  performance  of  the  unit  on-line  in  the  next  section,  it  is 
desirable  to  choose  an  appropriate  value  of  KG  and  td-  To  ensure  the  closed-loop  terminal 
voltage  response  to  a  disturbance  is  well-damped,  let  us  choose  from  the  table  a  value  of 
phase  margin  better  than  (greater  than)  65  °  .  Moreover,  with  higher  values  of  the  gain  KG 
the  transient  gain  and  the  high  frequency  gain  of  the  PID  may  be  too  high  in  the  particular 
application.  Let  us  restrict  the  evaluation  of  the  closed-loop  terminal  voltage  responses  to 
those  for  KG  =  1  and  2  pu.  To  complement  the  responses  shown  in  Figure  7.18  for  KG  =  1 
pu,  the  closed-loop  voltage  responses  to  a  step  change  in  the  reference  voltage  when  the  unit 
is  off-line  is  shown  in  Figure  7.19  for  KG  —  2  pu  and  the  range  of  values  of  Td- 
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-  T  =0  -  T  =0.0125 

D  D 

-  T  =0.025  -  T  =0.0375 

D  D 

Figure  7.19  Unit  off-line.  Perturbations  in  terminal  voltage  from  the  initial  steady-state 
value  due  to  a  step  change  from  1.0  to  1.01  pu  (1%)  in  the  reference  voltage  under  closed- 
loop  voltage  control  for  a  range  of  values  of  To  ,  Kg  =  2  pu.  (Note  scale  range  on  y-axis). 

A  comparison  between  the  closed-loop  step  responses  for  generator  off-line  for  the  gains 
Kq  =  1  and  2  pu  is  shown  in  Table  7.4  (step  change  of  +0.01  pu  (1%)  in  reference  voltage). 

Table  7.4  Characteristics  of  closed-loop,  off-line,  0-0.01  pu  step  responses 

for  Kg  —  1  and  2  pu 


kg 

Rise  Time: 
90%  of  step 
size  (s) 

Peak  Overshoot 
(%  on  step  size) 

Time  to  Peak 

(?) 

2%  Settling 
Time  (s)  ## 

1 

~0.29  s  for  all 
values  of  TD 

5.6  to  4.6%  for  all  values 

°f  TD  * 

0.63  to  0.60  s  for  all  val¬ 
ues  of  Td  * 

~2.1  s  for  all 
values  of  TD 

2 

~0.16  s  for  all 
values  of  TD 

~7.5%  for  all  values 
except  for  TD  =0.0375  s 

the  value  is  8.6% 

0.33  to  0.30  s  for  all  val¬ 
ues  -  except  for 

T D  =0.0375  s  the  value  is 
0.27s 

<  0.62  s  for 

all  values  of 

Td 

*  Note:  First  to  last  values  in  the  range  are  TD  —  0,  0.0125,  0.025,  0.0375  s 
##  2%  Settling-Time  requirement  is  less  than  5  s  (see  Section  7.7.2. 1) 

In  this  application,  selecting  a  value  of  td  =  o  .025  s  ensures  that  the  overshoot  of  the  ter¬ 
minal  voltage  to  a  step  in  the  reference  is  less  than  7.5%  of  the  step  size  for  both  gain  KG  =  1 
and  2  pu;  for  higher  values  of  To  the  peak  overshoot  increases  rapidly.  Moreover,  for 
Kq  =  1  and  2  pu  we  note  from  Table  7.3  that  the  phase  margin  for  td  =  o  .025  s  is  better 
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than  or  equal  to  the  specified  limiting  value  of  65°.  We  also  note  that  the  step  responses  are 
markedly  faster  for  KG  =  2  than  for  KG  =  1  pu. 

7. 7.2.4  Dynamic  performance  of  the  Type  2A  PID  with  the  generating  unit  on-line 
Selecting  Tp  =  0.025  s  and  gain  Kq  =  1  and  2  pu,  let  us  consider  the  stability  of  the  gener¬ 
ating  unit  on-line  and  under  closed-loop  voltage  control. 

The  SMIB  test  power  system  is  shown  in  Figure  7.4.  Let  us  consider  two  operating  condi¬ 
tions, 

•  A  line  outage  condition,  Case  W:  generator  output  P  =  0.4,  Q  =  0  pu  (as  in  Figure  7.4 
on  page  320). 

1 

•  All  lines  in  service,  Design  Case  C:  generator  output  P  =  0.9,  Q  =  0.2  pu  . 

As  in  the  previous  AVR  tuning  method  (Section  7.6),  Case  W  is  analysed  initially.  The  Bode 
plot  of  the  open-loop  transfer  function  Vt/Vref  for  the  generating  unit  on-line  is  displayed 
in  Figure  7.20  together  with  the  response  when  the  PID  is  replaced  by  a  simple  gain  element 
having  the  same  value  as  the  PID  proportional  gain  ( Kp  =  32  pu).  Over  the  selected  range 
of  rotor  modal  frequencies,  1  to  10  rad/s,  the  magnitude  responses  in  the  figure  being  in 
close  agreement  reveals  that  the  transient  gains  are  practically  identical. 

At  the  gain  cross-over  frequency  of  3.2  rad/s  the  Phase  Margin  of  79°  suggests  that  for 
Kq  =  1  pu  the  closed-loop  step  response  V(/  Vrej-  should  be  well-damped;  however  the  res¬ 
onance  at  ~9  rad/ s  in  the  Bode  plot  may  result  in  a  rotor  oscillation  of  about  that  frequency 
being  superimposed  on  the  terminal  voltage  response.  By  ‘raising’  the  magnitude  plot  of 
Figure  7.20  by  6  dB  -  for  Kq  =  2  pu  -  the  Bode  plot  reveals  that  the  Phase  Margin  is  reduced 
to  68°  at  a  gain  cross-over  frequency  of  6.6  rad/s.  The  closed-loop  terminal  voltage  re¬ 
sponse  should  again  be  well-damped,  but  the  oscillatory  response  of  the  rotor  mode  should 
be  accentuated  as  the  gain  cross-over  frequency  approaches  the  resonant  frequency  of  ~9 
rad/s.  These  results  are  demonstrated  in  the  associated  closed-loop  step  responses  of 
Figure  7.21. 

Because  of  oscillatory  nature  of  the  responses,  as  revealed  in  the  closed-loop  performance, 
it  is  clear  that  the  rotor  mode  is  lightly  damped  and  that  a  PSS  is  required. 


1.  Case  C  is  the  ‘Design  Case’  in  Section  5.11.  With  all  lines  in  service  the  steady-state 

power  flow  conditions  for  Case  C  are  the  same  as  those  in  Table  5.4.  However,  the  gener¬ 
ator  and  exciter  parameters  in  Chapter  5  differ  from  those  listed  in  the  Appendix  7— 1.1.1. 
Comparison  of  results  between  this  and  Chapter  5  may  be  misleading. 
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PID:  K  =  32  K  =1  pu  -  No  PID:  K  =32  pu 

P  G  r  P  r 


Figure  7.20  Case  W:  Unit  on-line.  Bode  plot  of  Vt/Vrej-. 

PID  parameters:  Kp  =  32  pu,  Kj  =  16  pu/ s,  KD  =  1.5  pu-s,  KG  =  1  pu;  T D  —  0.025  s. 
For  ‘No  PID’  the  AYR  gain  is  32  pu. 


K  =1 


G 


K  =2 


G 


Figure  7.21  Case  W:  Unit  on-line.  Perturbations  in  terminal  voltage  due  to  a  step  change 
in  reference  voltage  from  a  steady-state  value  of  1 .0  pu  to  1 .01  pu  (1  %) .  Generator  is  under 
closed-loop  control:  gains  KG  =  1  and  2.0  pu.  (Note  scale  range  on  y-axis.) 
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7. 7.2.5  Exploratory  tuning  of  a  PSS  to  improve  the  damping  of  the  oscillatory’  mode 
A  PSS  is  typically  switched  into  service  at  a  lower  value  of  real  power  output,  say  0.1  to  0.3 
pu.  The  procedure  for  tuning  the  PSS  is  the  same  as  that  oudined  in  Section  5.10.4.  We  will 
assume  that,  for  this  system,  Case  C  has  also  been  established  to  be  the  PSS  ‘design  case’  for 
the  set  of  generator  and  excitation  system  parameters  listed  in  Appendix  7— 1.1.1. 

The  time-domain  responses  are  faster  for  KG  =  2.0  than  for  KQ  =1.0  pu,  however,  for 
Kg  =  2.0  pu  the  oscillatory  response  is  less  well  damped.  Because  it  may  be  necessary  to  se¬ 
lect  a  value  of  KG  such  that  1  <  KG  <  2  pu,  the  P-Vr  characteristic  is  derived  for  the  design 
case  for  the  two  values  of  KG .  These  characteristics,  together  with  the  synthesized  charac¬ 
teristics  for  Case  C,  are  shown  in  Figure  7.22. 


Frequency  (rad/s) 

-  K  =1:  P-Vr  -  Synthesized  P-Vr 

—  —  Kq=2  ;  P-Vr  -  Synthesized  P-Vr 

Figure  7.22  P-Vr  characteristic  for  Case  C  for  the  set  of  PID  parameters: 

KP  =  32  pu,  Kj  =  16  pu/ s,  Kd  =  1.5  pu-s,  TD  =  0.025  s  and  KG  =  1.0  or  2.0  pu. 

The  synthesized  P-Vr  agrees  closely  with  actual  P-Vr  plots. 

Including  the  low-pass  and  washout  filters,  the  resulting  PSS  transfer  functions  based  on 
Case  C  are: 


GPSS 1 


k  s  5  (1  +  s0.357)(l  +V).0752) 

3.725  '  1  +s5  '  (1  +  s0.0067)(l  +  s0.0067) 


for  Kg  —  1.0  pu,  and 
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G 


s  5 


PSS2 


(1  +s0.143)(l  +s0.0794)  foi£.  =2Q 


3.738  1  +  s5  (1  +  s0.0067)(l  +  s0.0067) 


pu, 


(7.25) 


respectively,  with  the  damping  gain  k  set  to  20  pu  on  machine  MVA  rating  . 


With  the  PSS1  and  PSS2  in  service,  the  closeddoop  step  responses  V (/V re^  are  replotted  in 
Figure  7.23  for  Cases  C  and  W. 


Time  (s)  Time  (s) 

-  Case  C  -  Case  W  -  Case  C  -  Case  W 

(a)  Kg=  1.0  pu  (b)  Kq= 2.0  pu 

Figure  7.23  Cases  C  and  W:  Unit  on-line.  Perturbations  in  terminal  voltage  due  to  a  step 
change  in  reference  voltage  from  a  steady-state  value  of  1.0  pu  to  1.01  pu  (1%).  Generator 
is  under  closed-loop  control  with  (a)  PSS1,  gain  Kq  =  1  pu  in  service  and  (b)  PSS2  for 
Kg  =  2.  PSS  damping  gain  is  20  pu  on  machine  MVA  base.  (Note  scale  on  y  axis.) 

The  time-domain  performance  and  modal  characteristics  of  the  closed-loop  AVR,  excitation 
system  and  generator  on-line  are  summarized  in  Table  7.5  when  Kq  is  set  to  1  and  2  pu. 

7. 7.2. 6  Concluding  remarks:  P1D  Type  2 A  Compensation  based  on  Cases  C  and  W 
Based  solely  on  the  limited  set  of  operating  conditions  considered  in  the  tuning  of  the  P1D- 
based  AVR  it  may  be  concluded  that  with  a  PSS  in  service  the  setting  of  the  PID  gain  Kq 
should  lie  between  1  and  2  pu.  The  former  and  latter  settings  yield  on-line  terminal  voltages 
responses  to  a  step  change,  shown  in  Figure  7.23(a)  and  (b),  which  may  considered  sluggish 
and  over-responsive,  respectively.  Depending  on  the  actual  performance  specifications,  fur¬ 
ther  investigations  should  concentrate  on  values  of  Kq,  which  lies  in  the  range 

1.3  <  Kg  <  1.6  ,  say  .  The  rotor  mode  is  well  damped  with  the  PSS  in  service  and  satisfies 
the  damping  criterion  for  rotor  modes.  Clearly  there  are  a  number  of  issues  that  should  be 


1.  The  low-pass  filter  time  constants  (6.7  ms)  are  very  short.  Such  time  constants  should 
typically  be  3  or  more  times  the  cycle  time  of  the  PSS  processor  to  reduce  phase  errors  at 
higher  frequencies. 
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reviewed  in  the  analysis  of  both  the  on-  and  off-line  cases  before  a  final  set  of  parameters 
for  the  PID  is  chosen.  Such  issues  are: 

Table  7.5  Characteristics  of  closed-loop,  on-line,  step  responses  for  KG  =1,2  pu. 


Case 

No. 

kg 

pu 

Time  domain  characteristics 

Rotor  modes 

90% 

Rise 

Time 

(?) 

Peak 

Over¬ 

shoot 

(%) 

Time 

to 

Peak  (s) 

2%  Sett¬ 
ling  Time 

(s) 

PSS  in  service 

PSS  out  of 

service 

Mode  shift 

C 

1.0 

0.63  s 

5.2% 

1.45  s 

5.3  s 

-  1.94  ±y8.90 

-0.05±79.08 

-1.88+/0.18 

2.0 

0.41  s 

13.4% 

0.61  s 

3.5  s 

-  1.48  ±79.13 

0.33±79.15 

-1.82+70.02 

w 

1.0 

0.63  s 

1.0% 

1.48  s 

1.24  s 

-  1.56  ±y8.72 

-0.24  ±78.87 

-1.32+70.15 

2.0 

0.40  s 

9.2% 

0.65  s 

1.49  s 

-  1.39  ±78.78 

-0.11  ±78.93 

-1.28+70.15 

PID  Parameters  are  Kp  —32  pu,  Kj  —16  pu/s,  KD  —1.5  pu-s,  Kq  ;  Tp  —0.025  s 
PSS  damping  gain  is  20  pu  on  machine  MVA  rating. 


•  In  practice,  to  ensure  that  the  specifications  are  satisfied  it  is  necessary  to  conduct  a 
set  of  on-line  studies  for  an  encompassing  range  of  normal  and  N-l  operating  condi¬ 
tions. 

•  What  is  the  maximum  acceptable  value  for  the  high-frequency  gain  (KP+Kp/TD)KG 
(e.g.  see  Table  7.2  for  Type  2A  PID)? 

•  The  choice  of  an  acceptable  range  of  transient  gains  ( Kp  ■  KG). 

The  example  also  reveals  a  basis  for  coordinating  the  tuning  of  the  PID  controls  with  the 
tuning  the  PSS  when  the  on-line  responses  do  not  meet  the  specifications  for  the  rotor 
modes. 

7.8  Type  2B  PID  Compensation:  Theory  and  Application  to  AVR 
tuning 

The  theoretical  basis  and  calculation  of  the  parameters  of  the  Type  2B  PID  are  presented  in 
this  section.  However,  because  an  application  to  the  tuning  of  AVRs  in  a  remote  three-gen¬ 
erator  power  station  with  brushless  excitation  systems  is  more  detailed  and  complex  it  is 
covered  at  the  end  of  this  chapter  in  Section  7.11. 


2.  Kg  should  be  less  than  1.56  to  satisfy  the  specified  upper  limit  on  the  transient  gain  of 
Kp  ■  Kg  =  50  pu. 
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7.8.1  Tuning  of  Type  2B  PID  compensation 

In  contrast  to  the  Type  2A  PID,  in  the  Type  2B  PID  the  range  of  modal  frequencies  lies 
above  the  corner  a>2  rad / s;  this  is  illustrated  in  Figure  7.24. 


Range  of  modal 
frequencies 


Magnitude 

(dB) 


Figure  7.24  Straightdine  approximation  of  the  frequency  response  of  the  Type  2B  PID 
compensator  transfer  function  (?c2g(s) ;  range  of  modal  frequencies  >  a>2 . 

The  use  of  the  Type  2B  PID  compensator  may  occur  in  cases  such  as  when  the  PID  is  re¬ 
quired  to  contribute  phase  lead  at  low  frequencies.  In  such  a  case  the  generator  and  exciter 
time  constants,  T' do  and  T  ,  may  be  relatively  long.  Phase  lead  in  the  compensator  is  pro¬ 
vided  at  the  lower  corner  frequencies  oq  and  a>2  ;  integration  ensures  the  steady-state  error 
between  the  reference  and  terminal  voltages  is  integrated  out. 

Equations  (7.15)  to  (7.22)  are  applied  to  Type  2B  PID.  The  transient  gain  KpB  ,  which  ideally 
applies  over  -  or  above  -  the  range  of  modal  frequencies  is,  from  (7.22), 

ktB=  Kg[(Kd/Td)  +Kp],  as  s  — >  go  .  (7.26) 

Note  that  KTB  >  Kp  ■  KG  .  Furthermore,  the  corner  frequencies  oq  and  to,  in  Figure  7.24  are 
given  by  (7.19),  i.e.  oqoq  =  Kj/(Kd  +  KpTD ) .  Assuming  oq  «  Kj/Kp ,  the  upper  corner  is 
then 

u2*\/{TD  +  KD/Kp),  {121) 

or  Kd  =  Kp{{\/ to2)  —  7)^] .  (7.28) 

Substituting  (7.28)  in  (7.26)  we  find 

KTB/{Kp  ■  Kg)  =  cod/g>2  where  coD  =  1  /TD.  (7.29) 

Equations  (7.28)  and  (7.29)  form  the  basis  for  the  Type  2B  PID  design. 
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7.8.2  Example:  Evaluation  of  Type  2B  PID  parameters. 

This  example  demonstrates  the  application  of  the  above  results  to  the  tuning  of  the  AVRs 
for  a  more  difficult  case  of  a  remote,  base-load,  three-machine  power  station  supplying  en- 
ergy  via  1 32  kV  lines  to  a  high  voltage  grid.  The  purpose  of  this  example  -  and  its  continu¬ 
ation  in  Section  7.1 1  -  is 

•  to  illustrate  the  determination  of  the  PID  parameters  which  satisfy  certain  perfor¬ 
mance  specifications  over  a  wide  range  of  N  and  N-l  operating  conditions; 

•  to  examine  a  systematic  and  structured  method  for  the  selection  of  PID  parameters 
which  are  robust  over  the  range  of  operating  conditions; 

•  to  linearize  the  non-linear  model  of  the  brushless  exciter  and  account  for  the  variation 
of  its  small-signal  parameters  with  the  steady-state  operating  conditions; 

•  to  establish  the  requirements  for  software  for  automating  and  expediting  the  calcula¬ 
tions  in  the  design  process  for  application  in  practical  cases. 

In  this  application  the  tuning  of  the  AVRs  is  more  complex  because  the  time  constants  T' m 
and  Te  of  the  generator  and  brushless  exciter  are  relatively  long  and  the  only  tunable  param¬ 
eters  in  the  AVR  are  those  of  the  PID;  the  tuning  is  covered  in  some  detail  in  Section  7.11. 
However,  for  this  application  the  calculation  of  the  characteristics  of  a  relevant  set  of  can¬ 
didate  PID  parameters  are  required  and  are  therefore  examined  in  the  following  section. 

7. 8. 2. 1  Frequency  response  characteristics  of  Type  2B  PIDs 

The  range  of  modal  frequencies  is  known  to  be  4  to  7  rad/ s.  Assume  that  over  this  frequency 
range  an  effective  value  of  KT&  32  pu  is  required  when  Kq  =  1  pu.  According  to  (7.26)  and 
Figure  7.24  the  desired  transient  gain  KTB  must  be  somewhat  higher,  say,  40  -  70  pu;  the  val¬ 
ues  of  Ktb,  to  j,  k>9  and  (tiD  are  subject  to  the  condition:  (Oj  <  k>2  <  aD  ■ 

The  PID  parameters  are  the  calculated  based  on  (7.28)  and  (7.29)  using  the  following  rela¬ 
tionships: 

Td  =  l/(oD;  Kp  =  o)2Ktb/ co  D ;  KD  =  (KTB~  Kp)/a>D;  KI  =  Kpa>l.  (7.30) 

For  several  sets  of  values  for  KTB,  co  x  ,  co2  and  (0D  the  PID  Type  2B  parameters  are  de¬ 
rived  using  the  above  algorithm  and  are  listed  in  Table  7.6.  The  associated  frequency  re¬ 
sponses,  which  are  shown  in  Figure  7.25,  demonstrate  the  effect  of  modifying  the 
parameters  in  the  vicinity  of  1  rad/ s. 

It  is  noted  from  Figure  7.25  or  Table  7.6: 

•  Over  the  frequency  range  4  to  7  rad/ s  the  gain  is  close  to  the  desired  value  of  transient 
gain,  KT  &  32  pu. 
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-  PID  #1  -  PID  #2 

-  PID  #3  -  PID  #4 

Figure  7.25  Frequency  response  plots  of  four  Type  2B  PIDs 
with  the  parameters  in  Table  7.6. 


Table  7.6  Calculated  parameters  for  PID  Type  2B 


Para- 

Selected  quantities 

Calculated  PID  parameters 

meter 

COj 

02 

<°D 

KP 

Ki 

Kd 

td 

Set  No. 

A  TB 

(rad/  s) 

(rad/  s) 

(rad/ s) 

pu 

(pu/ s) 

(pus) 

(?) 

1 

50 

0.30 

1.2 

5 

12 

3.6 

7.60 

0.200 

2 

70 

0.50 

1.4 

7 

14 

7.0 

8.00 

0.143 

3 

70 

0.65 

2.2 

11 

14 

9.1 

5.09 

0.0909 

4 

70 

1.0 

1.9 

9.5 

14 

14 

5.89 

0.1053 

The  minimum  value  of  gain  is  about  23  dB  (i.e.  Kp  —  14  pu)  at  frequencies  less  than 

ro2. 

With  the  higher  values  of  the  corner  frequency  k>2,  Figure  7.25  shows  that  PID  Sets 
2,  3  and  4  provide  additional  phase  lead  in  the  range  of  modal  frequencies  3-8  rad/ s. 
For  PID  type  2  compensation  the  transfer  function  (1  +s/ co0)/(l  +  sTD)  in  (7.21)  is 
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a  lead-lag  element,  thus  by  increasing  coD  with  respect  to  tt>2  the  peak  phase-lead  is 
increased. 

Although  Ktb,  to  j ,  a>2  and  are  selected  to  calculate  the  PID  parameters,  equations 
(7.30)  can  be  rearranged  to  calculate  the  parameters  based  on  some  other  choice,  e.g.  Kp, 
Ktb,  to  j  and  co2  ,  where  KP<KTB. 

The  example  of  the  detailed  tuning  of  the  AVRs  in  the  remote  three-generator  power  plant 
is  described  in  Section  7.1 1.  Other  methods  of  AVR  tuning  are  considered  in  the  following 
Sections  7.9  and  7.10. 

7.9  Proportional  plus  Integral  Compensation 

7.9.1  Simple  PI  Compensation 

The  structure  of  the  Proportional  plus  Integral  Compensation  (PI)  in  the  AVR  is  shown  in 
Figure  7.26.  We  shall  refer  to  this  as  Simple  PI  Compensation. 


Figure  7.26  Simple  PI  Compensation 


The  aim  of  the  integral  block  is  to  ‘integrate  out’  any  steady-state  voltage  error  to  zero  by 
providing,  in  effect,  an  infinite  gain  under  steady-state  conditions.  The  voltage  regulation  is 
therefore  zero  or,  in  the  steady  state,  the  pu  terminal  voltage  is  equal  to  the  pu  reference  volt¬ 
age  (see  Section  2.10.1).  As  in  Transient  Gain  Reduction  a  second  aim  for  the  compensator 
is  to  provide  a  relatively  low  transient  gain,  Kpp  =  Kp ,  say  25  to  50  pu,  in  the  forward  path 
over  the  frequencies  of  the  rotor  modes  of  oscillation.  Let  Kq  —  1 . 

The  form  of  the  simple  PI  compensator  transfer  function  is: 

Gc(s)  =  KIp/s+Kpp  =  KIp{\  +TlS)/s,  where  T{  =  1/aq  =  Kpp/KIp.  (7.31) 

Let  Kpp  =  32  pu  be  the  desired  transient  gain,  let’s  place  the  corner  frequency 
k»i  =  KIp/Kpp  about  a  decade  below  the  lowest  frequency  mode,  say  5  rad/s,  and  let 
oo  j  =  0.5  rad/s.  The  frequency  response  of  the  Simple  PI  Compensator  with  the  resulting 
integrator  gain,  Klp  =  Kpp CQj  =  16  pu/s,  is  shown  in  Figure  7.27.  The  compensator  trans¬ 
fer  function  is  thus: 
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Gp](s)  =  16(1  +2s)/s.  (7.32) 

An  alternative  implementation  of  PI  compensation  using  positive  feedback  is  described  in 
Appendix  7—1.3. 


Simple  PI  Compensation 
PI  with  Lead-Lag  TF 


Figure  7.27  Frequency  response  plots  of  (i)  Simple  PI  Compensation; 

(ii)  Simple  PI  Compensation  with  a  series  lead-lag  transfer  function  block 

7.9.2  Conversion  to  a  PID  Compensator  with  an  additional  lead-lag  block 

For  a  number  of  reasons  it  may  be  desirable  to  boost  the  gain  of  the  AVR  at  higher  frequen¬ 
cies,  say,  to  improve  the  rate  of  response  of  the  field  voltage  during  the  fault  interval  or  in 
the  immediate  post-fault  period.  This  can  be  achieved  by  inserting  a  lead-lag  block  in  series 
with  the  PI  block;  the  maximum  phase  lead  of  the  lead-lag  should  occur  at,  or  above,  the 
highest  local-mode  frequency.  With  this  block  it  is  also  possible  to  improve  the  phase  re¬ 
sponse  of  the  compensator  at  the  higher  modal  frequencies.  In  Section  2.12.1.4  and  [8],  [9] 
the  lead-lag  compensator  is  described;  a  form  of  the  transfer  function  is 
Gld(s)  =  (1  +  sT2)/(  1  +  saT2),  where  the  values  for  a  are  less  than  unity. 

For  application  with  the  simple  PI  compensator  in  Section  7.9.1,  assume  (i)  the  frequency 
at  which  the  maximum  phase  lead  in  the  transfer  function  GLD(ja y)  occurs  is  tt>m  =  20 
rad/ s  and  (ii)  the  high  frequency  gain  is  to  be  boosted  by  a  factor  of  two  (6  dB).  The  former 
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requires  that  a>m  =  =  20  rad/s  and  the  factor  (1/a)  =  2;  hence  the  time  con¬ 

stant  of  lead-lag  block  is  77,  =  0.07071  s.  The  frequency  response  of  the  Simple  PI  Com¬ 
pensator  modified  by  the  series  lead-lag  block  is  shown  in  Figure  7.27.  This  response  is 
similar  to  that  shown  for  a  Type  2A  PID  in  Figure  7.16  for  Td>  o. 


The  PI  with  the  series  lead-lag  compensator  illustrated  above  can  be  converted  to  a  PID 
form.  Letting  td  =  aT2  s,  the  transfer  function  of  the  PI  plus  lead-lag  compensator  is 


Gc  = 


Klp(  1  +  sTj)  (1  +  sT2)  KIpTx  T2s  +  KIp{ Tx  +  T2)s  +  K,p 


1  +sT 


D  ^(1  +  sTd) 


(7.33) 


This  equation  is  identical  in  form  to  (7.15)  for  Type  2  PID  with  Kq—  1;  let  us  equate  coeffi¬ 
cients  of  the  powers  of  s  in  the  numerators  of  (7.33)  and  (7.15).  We  find: 


KI  =  KIP 


Kp  =  KI{TX  +  T2-  Td)  for  Tx  >  T2  >  TD  . 

kd  =  kitxt2-kptd 

These  equations  are  solved  sequentially  for  Kj,  KP  and  KD. 


(7.34) 


In  the  above  example  the  parameters  for  the  PI  of  (7.31)  and  the  series  lead-lag  compensator 
of  (7.33)  are: 

Kjp  =  16  pu-s,  T1  =  2  s,  T2  =  0.07071  s,  TD  =  0.03536  s. 


By  substitution  of  these  values  in  (7.34)  we  find  the  equivalent  PID  parameters  are: 

16  pu-s, KP  =  32.57  pu, KD  —1.11  lpu/ s,  TD  =  0.03536  s. 

The  significance  of  the  conversion  to  PID  parameters  is  the  following.  It  may  be  convenient 
or  simpler  to  determine  the  parameters  of  a  PI  and  series  lead-lag  compensator  rather  than 
to  directly  determine  a  set  of  PID  parameters.  If  it  is  necessary  to  frame  the  compensation 
in  the  form  of  a  PID  controller  the  conversion  is  readily  calculated  based  on  (7.34). 

Note.  There  are  further  modifications  possible  to  the  frequency  response  of  the  Simple  PI 
Compensator  to  meet  particular  requirements.  For  example:  The  addition  of  a  series  first- 
order  low-pass  block  1/(1  +  sO.Ol)  would  provide  high-frequency  roll-off  of  -20  dB/ dec¬ 
ade  on  magnitude  at  frequencies  above  100  rad/ s.  However  there  would  be  some  reduction 
in  the  phase  lead  over  the  range  of  rotor  modes  e.g.  about  5  to  6  degrees  at  10  rad/ s. 
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7.10  Rate  feedback  compensation 

7.10.1  Method  of  analysis 

The  block  diagram  of  the  generator  and  excitation  system  with  rate  feedback  (RFB)  of  the 
exciter  voltage  are  shown  in  Figure  7.28.  For  the  determination  of  the  rate  feedback  gain  KF 
and  associated  time  constant  Tp  of  the  feedback  loop,  both  frequency  response  and  root  lo¬ 
cus  methods  may  be  employed. 

Compensation  based  on  rate  feedback  employs  either  the  output  voltage  of  the  exciter 
(which  is  also  the  voltage  input  to  the  field  of  the  generator)  or  a  signal  related  to  exciter 
field  current  (if  field  voltage  is  inaccessible).  As  in  the  case  of  TGR  tuning,  the  aim  of  the 
compensation  is  to  derive  for  the  Excitation  System  (ES)  a  desired  transient  gain  reduction 
over  the  range  of  modal  frequencies.  This  is  achieved  by  appropriately  determining  the  val¬ 
ues  of  the  feedback  gain  and  time  constant,  Kp  and  respectively. 

In  the  types  of  analyses  of  ESs  considered,  a  simple  low-order  model  of  the  ES  is  employed. 
It  will  then  be  shown  that  the  analyses  can  be  extended  to  account  for  more  complex  dy¬ 
namic  systems. 

The  tuning  of  the  ES  shown  in  Figure  7.28  will  be  illustrated  first.  This  will  be  followed  by 
an  examination  of  the  dynamic  performance  of  the  generator  off-line  when  it  is  under 
closed-loop  voltage  control  with  the  tuned  ES.  Finally,  the  associated  performance  of  the 
generator  when  on-line  is  assessed  over  a  range  of  operating  conditions  to  ascertain  if  the 
performance  specifications  are  satisfied. 

7.10.2  Tuning  of  the  Excitation  System  (ES) 

As  evident  from  Figure  7.28  the  ES  comprises  only  the  closed  loop  formed  by  the  AVR,  the 
exciter  and  the  rate-feedback  path,  the  rate-feedback  transfer  function  being: 

GF(s)  =  (sKf)/(1+sTf).  (7.35) 

Note  that  the  block  diagram  in  Figure  7.28  applies  to  the  cases  with  the  generator  off-line 
as  well  as  on-line.  In  the  latter  case  the  block  Ggen  includes  both  the  generator  and  the  system 
to  which  it  is  connected. 

In  the  case  of  a  brushless  excitation  system  the  output  voltage  of  the  exciter  is  not  accessible 
for  measurement.  In  this  case  a  signal  proportional  to  the  exciter  field  current,  typically  des¬ 
ignated  Vj-e ,  is  used  as  the  signal  for  rate  feedback.  The  exciter  field  current  is  closely  related 
to  the  field  voltage  of  the  main  generator  (i.e.  Ef).  To  cover  the  cases  of  the  exciter  output 
voltage  being  available  or  unavailable  for  feedback,  a  generalised  approach  is  adopted  in 
which  a  voltage  V  pu,  not  defined,  is  the  feedback  signal  -  as  shown  in  Figure  7.29.  For  the 
purposes  of  initially  illustrating  a  procedure,  a  simple  first-order  system  is  assumed  for  the 
forward  loop  where  the  gain  K  and  the  time  constant  T  represent  those  of  the  AVR,  or  the 
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AVR  plus  exciter,  (referred  to  as  the  ‘Plant’).  It  will  be  demonstrated  that  this  simple  system 
can  then  be  modified  to  include  additional  dynamics  in  the  forward  path. 


Figure  7.28  Generator  and  Excitation  System  with  field-voltage  feedback  compensation. 
The  block  Ggen  accounts  for  the  generator  (and  system)  model  when  off-line  (and  on-line). 


Excitation  System 


Vref 


‘Plant’ 


+ 


K 


1  +sT 


Kfs 

1+sTp 


Rate  feedback 


V 


Figure  7.29  The  Excitation  System  is  shown  as  a  simple  closed-loop  system  with  rate 

feedback. 


The  closed-loop  transfer  function  of  the  Excitation  System  shown  in  Figure  7.29  is 

 K 
V 


TT, 


(1  +sTf) 


yref  /+(t+tf+kkf\+_± 


T  ■  T, 


(7.36) 


T  ■  T, 


This  transfer  function  can  be  expressed  as 


V  (1  +sTf) 

GCL ^  Vref  K  (1  +^/ra1)(l  +s/a>2)' 


in  which 


(7.37) 
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to  j  k>2  =  1  /(T-Tf)  and(«q  +  co2)  =  (T+Tp  +  KKp)/(  T  ■  Tp)  (7.38) 

The  following  analysis  is  mainly  based  on  frequency  response  methods,  however,  the  root 
locus  technique  is  used  to  demonstrate  the  line-tuning  of  the  rate  feedback  parameters 
which  is  applicable  to  higher  order  excitation  systems. 

7.10.3  Rate  feedback  compensation  using  Frequency  Response  Methods. 

The  closed-loop  transfer  function  (7.37)  has  one  zero  at  s  =  -a>F  =  —\/Tp,  associated 
with  the  feedback  path,  and  two  poles  at  s  =  -aq,  -to,  .  In  order  to  obtain  a  more-or-less 
constant  transient  gain  reduction  over  the  range  of  modal  frequencies,  say  1  to  10  rad/ s,  the 
straight-line  frequency  response  for  the  magnitude  of  the  transfer  function  GCL{j(a j) 

should  have  the  form  shown  in  Figure  7.30. 


Figure  7.30  Desired  form  of  the  straight-line  magnitude  response  of  the 
transfer  function  /cay)|  for  the  closed-loop,  rate-feedback  control  system. 


From  the  desired  form  of  the  transfer  function  shown  in  Figure  7.30,  the  corner  frequency 
to7  should  ideally  be  greater  than,  say,  lOco^.  to  cover  the  desired  range  of  modal  frequen¬ 
cies.  Over  that  range  the  transient  gain  is  KT.  The  lower  corner  aq  typically  should  be  less 
than  e>^/10  (to  minimise  the  effect  of  the  corner  on  the  modal  frequency  range).  Assume 
that  the  transfer  function  in  (7.37)  can  be  divided  into  two  blocks  in  series,  say, 


Gcl(s)=K- 


(1  +sTf) 
(1  +  s/aq) 


and  G  2(s) 


1 


1  +  S/CD-, 


(7.39) 


At  frequencies  greater  than  \/Tp,  Gcl(s)  —>  KT  =  K  ■  Tp co  j  as  s  — »  oo ,  where  KT is  the  de¬ 
sired  transient  gain.  Thus, 

aq  =  Kt/(K  ■  7»  . 

It  is  noted  that  Gc2(jiOf)  — >  1  when  ay<  co7/10  .  Moreover,  from  (7.38): 


(7.40) 
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ft) i k>2  =  1  /{T  ■  TF)  which,  from  (7.40),  implies  k>2  =  K/(KT-  T).  (7. 41) 


Note  that  the  upper  corner  frequency  e>2  is  independent  of  the  rate  feedback  parameters, 
Kp  and  Tp.  Following  substitution  of  (7.40)  and  (7.41)  in  (7.38),  we  find 


Kr  KKt 

77,  =  —  ■  T+ - -  -K,,. 

F  K  K-Kt  f 


(7.42) 


If  a  value  of  the  rate  feedback  gain,  Kp,  is  selected  the  associated  value  of  the  time  constant 
Tp  can  be  determined  from  (7.42),  together  with  the  lower  corner  frequency  oq  from  (7.40). 
In  this  case  the  lower  corner  frequency  cannot  be  specified. 

However,  according  to  (7.40),  0)  j  =  KT/  ( K  ■  T F),  either  e>  l  or  Tp  can  be  selected,  given  val¬ 
ues  of  K  and  Kp.  An  approach  based  on  the  frequency  response  of  Figure  7.30  suggests  that 
the  corner  frequency  1/7),  is  a  more  meaningful  quantity  to  select  than  the  rate  gain  Kp. 
Thus,  given  the  value  of  Tp,  Kp  can  then  calculated  from  a  rearranged  form  of  (7.42),  i.e. 

Note  that,  if  T  is  small,  (7.43)  can  be  expressed  as 

(  Kf  ■  K\  TF 

KT *  K/[  1  +  J  =  / ,  if  (KF  ■  K)/Tf  »  1.  (7.44) 

F  F 

Thus,  given  the  values  of  Kp  and  TF,  the  ratio  Tp/ Kf  is  an  estimate  of  the  upper  limit  on 
the  value  of  the  transient  gain  KT. 


An  examination  of  the  frequency  response  plot  of  (7.37)  for  GCL{ja>j)  will  reveal  whether 
the  desired  transient  gain  is  more-or-less  achieved  over  the  range  of  modal  frequencies. 

In  the  above  analysis  a  simple  model  has  been  employed  for  the  ES.  In  practice,  the  models 
of  both  the  AVR  and  the  exciter  may  be  of  higher  order.  In  some  cases  it  may  be  possible 
to  adapt  the  above  analyses  to  satisfy  such  systems.  However,  in  other  cases  it  is  possible  to 
represent  the  excitation  control  system  by  low-order  models  in  order  to  determine  initial  set 
of  values  of  the  rate  feedback  parameters,  Kp  and  TF.  These  parameters  can  then  be  fine- 
tuned  using  the  more  complex  models  and  the  associated  frequency  responses. 

In  (7.42)  all  quantities  except  Kp  and  TF,  the  rate  feedback  parameters,  are  either  known  or 
selectable.  Using  frequency  response  techniques  an  analysis  of  two  cases  will  be  considered: 
Case  1  is  based  on  the  configuration  in  Figure  7.29;  in  Case  2  transient  gain  reduction  or  PI 
compensation  is  included  in  the  forward  path  of  the  AVR.  Furthermore,  it  will  been  shown 
that  AVR  and  exciter  transfer  functions  possessing  additional  dynamics  can  be  incorporated 
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in  the  analyses.  In  all  cases  a  check  should  be  made  that  the  limits  imposed  on  the  ES  by 
conditions  such  as  (7.40)  and  (7.41)  are  valid 

7. 10.3.1  Case  1 :  No  TGR  or  PI  compensation  in  forward  loop  of  the  A  VR 

Three  illustrative  examples  based  on  the  rate  feedback  of  the  exciter  output  are  described 
for  Case  1 .  In  Example  1  below  the  parameters  of  the  rate-feedback  block  are  determined 
subject  to  certain  specifications.  In  Example  2  the  effects  of  additional  dynamics  in  the  for¬ 
ward  loop  of  the  AVR  are  investigated.  Finally,  in  Example  3  the  significance  of  the  rate- 
feedback  parameters  employed  in  the  Sample  Data  for  the  AC2A  model  of  the  excitation 
system  [12]  is  assessed  against  those  values  calculated  by  the  approach  adopted  in 
Section  7.10.3. 

7.10.3.1.1  Example  1.  Case  1.  Simple  excitation  system 

Assuming  rate  feedback  of  the  exciter  output  voltage  Ep  the  parameters  of  the  ES  in  Figures 
7.28  and  7.29  are  KA  =  K  —  250  pu,  and  the  exciter  gain  and  time  constant  are  KE  =  1  and 
TE  =  T  —  0.1  s,  respectively;  the  time  constant  T A  is  assumed  negligible.  The  specification  for 
the  transient  gain  is  Kj  —  32  pu  (30.1  ±3  dB)  over  the  modal  frequency  range  1  to  10  rad/ s. 

The  desired  form  of  the  straight-line  frequency  response  of  the  magnitude  of  the  closed- 
loop  excitation  control  system  is  shown  in  Figure  7.30.  Referring  to  the  latter  figure,  let  us 
assume  the  feedback  time  constant  of  is  TE  =  2  s.  At  the  associated  corner  frequency 
(Op  =  0.5  rad/s  we  know,  based  on  Section  2.12.1.3,  that  the  transient  gain  KT  is  close  to 

30.1  dB  +3  dB. 

From  (7.40),  the  lower  corner  frequency  is  to  j  =  KT/  ( KA  Tf)  =  0.064  rad/ s.  Similarly,  based 
on  (7.41)  the  upper  corner  frequency  is  <o2  =  KA/ ( KtTe )  =78.1  rad/ s;  at  this  frequency 
the  transient  gain  is  close  to  30.1  dB  -3  dB.  For  TE—  2  s  the  rate-feedback  gain  KE  =  0.0541 
pu-s  is  calculated  from  (7.43).  The  resulting  exciter  frequency  response  is  shown  in 
Figure  7.31  together  with  those  for  several  smaller  values  of  TE  and  associated  values  of  the 
gain  Ke.  The  closed-loop  responses  reveal  that  for  values  of  TE>  1.2  s  the  transient  gain  re¬ 
quirements  are  satisfied. 

The  relevant  characteristics  of  the  responses  are  summarised  in  Table  7.7. 
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Table  7.7  Characteristics  of  frequency  responses  for  varying 
rate-feedback  time  constant  Tp 


Ex.  1,  Case  1 
Study  No. 

7>(s) 

CD^p 

(rad  /  s) 

®  l  ( 

rad  /  s) 

®2 

(rad/  s) 

Kf 

(pu-s) 

See  Note  1. 

1 

0.747 

1.34 

0.171 

78.13 

0.020 

34.4  dB  -44.3° 

2 

1.222 

0.818 

0.105 

78.13 

0.0329 

32.3  dB  -34.0° 

3 

2.00 

0.500 

0.064 

78.13 

0.0541 

31.1  dB  -23.5° 

ES  parameters:  K  —  K ^  —  250  pu,  Kj  —  32  pu,  T  —  Tp  —  0.1  s. 

Note  1.  Magnitude  and  phase  of  the  responses  are  calculated  at  1.0  rad / s. 

-10  12 
10  10  10  10 

Frequency  ( rad/ s ) 

-  T  =0.75  -  T  =1.22  -  T  =2 . 0 

F  F  F 

Figure  7.31  Example  1,  Case  1:  Closed-loop  frequency  responses  V/Vrej- 

for  the  simplified  rate-feedback  excitation  system  model  in  Figure  7.29  for 
increasing  values  of  the  time  constant  Tp  (s)  in  the  rate-feedback  block. 
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7.10.3.1.2  Example  2,  Case  1.  Higher-order  excitation  system 

It  has  been  pointed  out  that,  in  practice,  the  models  of  both  the  AVR  and  the  exciter  may 
be  of  higher  order.  Referring  to  Figures  7.28  and  7.29  let  us  assume  the  AVR  and  exciter 
transfer  functions,  GA  and  Gex,  possess  additional  dynamics  and  are  of  the  forms: 

Ka  1  1  +  sT2 

G->  '  TTpt  and  G“  '  (TTtTy  (TT^j’re5pcc  dy> 

where  TA  =  0.05  s,  T\  =  0.02  s,  T2  —  0.01  s.  Assume  that  the  rate  feedback  parameters  are 
those  for  Study  2  in  Table  7.7,  namely,  Tp  =  1.22  s  and  Kp  =  0.033  pu-s,  and  K  =  KA  —  250 
pu,  KT  =  32  pu,  and  T  =  Tp  —  0.1  s.  The  above  analysis  is  based  on  T  =  0.1  s  and,  because 
the  time  constants  TA,  Tl  and  T2  of  the  additional  elements  are  shorter  than  that  of  the  ex¬ 
citer,  the  corners  associated  with  additional  dynamics  lie  at  higher  frequencies  than  1  /Tp. 
The  application  of  frequency  response  approach  for  Case  1  is  therefore  valid.  The  frequency 
response  with  the  additional  faster  time  constants  is  shown  in  Figure  7.32,  and  is  compared 
with  the  frequency  response  if  the  faster  dynamics  are  ignored. 


Frequency  (rad/s) 


ECS  with  additional,  faster  dynamics 
Basic  Excitation  Control  System 


Figure  7.32  Comparison  of  the  closed-loop  frequency  responses  of  an  excitation  system 
having  additional,  faster  dynamics  than  that  for  the  simplified  system  in  Figure  7.29. 

Tf—  1.22  s  and  Kp  —  0.033  pu-s. 


In  this  case,  over  the  range  of  modal  frequencies  of  interest,  the  additional  faster  dynamics 
have  little  effect  on  the  frequency  response  of  the  simplified  excitation  system  which  has 
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been  tuned  ignoring  the  effects  of  faster  dynamics.  The  exciter  time  constant  of  0.1  s  has 
been  employed  in  the  example  is  long.  Typically,  in  practice,  the  exciter  time  may  be  less  that 
0.05  s;  such  values  cause  the  upper  corner  e>2  =  KA/ ( KtTe )  to  increase  in  frequency.  The 

magnitude  and  phase  responses,  based  on  the  frequency  response  for  Case  1 ,  therefore  tend 
to  be  ‘flatter’  over  a  range  beyond  the  1  to  10  rad/ s  range  of  modal  frequencies. 

An  aside:  Say  the  exciter  time  constant  is  TE  =  0.05  pu  and  in  the  forward  loop  there  is  a 
first-order  lag  with  a  time  constant  7)  =  0.25  s  (corner  frequency  4  rad/ s)  which  lies  in  the 
modal  frequency  range  of  interest.  In  this  event  the  pole  at  -4  Np/ s  can  be  cancelled  -  for 
practical  purposes  -  and  the  pole  shifted  to  say,  -25  Np/ s. 


7.10.3.1.3  Example  3.  Case  1:  Application  to  excitation  system  model  AC2A 
The  approach  adopted  in  Example  1  can  be  adapted  to  excitation  system  (ES)  models  in 
IEEE  Standard  421.5  [12],  Type  AC2A  ES  represents  a  field-controlled  alternator-rectifier 
exciter  system  (a  brushless  ES).  A  small-signal  model  of  the  AC2A  is  shown  in  Figure  7.33 
in  which,  for  present  purposes,  a  simple  model  1/(A1£  +  sT£)  is  used  for  the  exciter. 

The  following  set  of  sample  data  for  the  Type  AC2A  model  is  provided  in  [12]: 

Ka  =  400  pu,  Ta  =  0.01  s,  Tb  —  T c  —  0  s,  KB  =  25  pu,  KH  =  1  pu,  KE  =  1.0  pu,  TE  =  0.6  s, 
Kf=  0.03  pu-s,  TF  =1.0  s. 

By  block  diagram  manipulation  of  Figure  7.33  with  KE  =1.0  pu,  it  can  be  shown  that 

A  Efd  Kb/(1+KhKb) 

ava  1  +  [sTe/(1+KhKb)Y 

The  above  transfer  functions  reveals  that  the  exciter  time  constant  is  reduced  by  a  factor 
1/(1  +KhKb),  and  consequently  the  speed  of  response  of  the  exciter  is  increased.  The 
AC2A  model  of  the  excitation  system  can  then  be  expressed  in  the  form  shown  in 
Figure  7.29  with  T  =  TE/(  1  +  KHKB)  and  K  =  KAKB/{\  +KHKB),  assuming  TA  =  0. 


Figure  7.33  Small-signal  model  of  the  AC2A  ES  with  a  simplified  exciter  model  (TA  —  0) 
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In  this  example  the  forward  loop  of  the  ES,  A EFD/ A  VA,  introduces  a  corner  at  1  /T  —  43.3 
rad/ s  lying  above  the  selected  range  of  modal  frequencies  1-10  rad/ s.  The  approach  devel¬ 
oped  in  Section  7.10.3  is  thus  valid  since  this  corner  lies  above  the  upper  end  of  the  modal 
frequency  range. 

Let  us  consider  the  following  two  studies: 

1.  assume  the  desired  transient  gain  is  KT  =  32  pu.  Given  Tp  —  1.0  s  calculate  the  asso¬ 
ciated  rate-feedback  gains  KF  based  on  (7.43); 

2.  calculate  the  effective  transient  gain  KT  associated  with  the  data  supplied  in  [12]  for 
the  AC2A  excitation  system  model. 

In  Study  2,  equation  (7.43)  is  solved  for  KT,  i.e. 

K2tT-Kt{KT  +  TfK  +  K2Kf )  +  TFK 2  =  0  .  (7.45) 

The  results  are  summarised  in  Studies  1  and  2  of  Table  7.8. 


Table  7.8  Comparison  of  the  closed-loop  parameters  for  AC2A  [12]  in  Studies  1  &  2 


Study 

No. 

Tf  (s) 

Kt  (pu) 

COj 

(rad/  s) 

®2 

(rad/  s) 

Kf  (pu-s) 

Basis  of  calculation 

Comment 

1 

1.0 

32.0 

0.083 

52.1 

0.0286* 

Based  on  frequency 
response  analysis, 
Case  1 

Kp  calculated  from 
(7.43)  with  Kt  =  32 
pu 

2 

1.0 

30.6* 

0.080 

54.46 

0.030 

Based  on  data  set  for 
exciter  AC2 A  [12] 

Kf  calculated  from 
(7.45)  with 

Kp  =  0.03  pu 

*  Calculated  value,  given  the  selected  value  of  Kj  or  Kp. 
eq  ,  1/Tp  and  oq  are  the  corner  frequencies  of  the  closed-loop  transfer  function  (7.37). 

In  Study  2  it  is  of  interest  to  note  that,  for  the  AC2A  ES  with  the  rate-feedback  time  constant 
Tp  =  1  s  and  gain  Kp  =  0.03  pu,  the  calculated  transient  gain  is  KT  =  30.6  pu.  These  values 
are  close  to  those  in  Study  1  when  the  transient  gain  of  KT  is  set  to  32  pu  and  the  calculated 
rate-feedback  gain  is  Kp  =  0.0286  pu,  i.e.  the  AC2A  has  an  inherent  transient  gain  close  to 
that  which  has  been  adopted  in  this  chapter.  This  observation  is  confirmed  in  the  frequency 
response  plots  of  Figure  7.34;  moreover,  the  transient  gain  is  more-or-less  constant  over  the 
selected  modal  frequency  range,  1  to  10  rad/ s. 
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It  is  noted  that  the  combination  of  KF  =  0.03  pu-s  and  TF  —  1.0  s  is  commonly  used  in  the 
sample  data  sets  for  a  variety  of  ESs  in  IEEE  Standard  421.5  [12],  According  to  (7.44),  for 
latter  values  the  effective  transient  gain  is  KT&  Tp/  Kp  =  33.3  pu. 


-2-10  1  2 
10  10  10  10  10 

Frequency  (rad/s) 


-  T  =1.0  s,  K  =0.0286*,  K  =32 . 0  pu 

-  T  =1.0  s,  K  =0.0300,  K  =30.6  pu* 

F  F  T 

Figure  7.34  Frequency  responses  V/  of  the  closed-loop  rate-feedback  ES  for  Studies 
1  and  2  of  Table  7.8.  *  Calculated  values  when  either  KT  or  KF  is  the  specified  quantity. 


7. 10.3.2  Case  2:  Rate  feedback  with  TGR  or  PI  compensation  in  forward  loop  of  the  A  VR 

In  Case  1,  previously  considered  in  Section  7.10.3.1,  transient  gain  reduction  or  PI  compen¬ 
sation  is  omitted  from  the  forward  loop. 

TGR  or  PI  compensation  may  be  employed  in  conjunction  with  rate  feedback  of  the  exciter 
voltage  or  AYR  output  (the  ‘Plant’  output)  -  as  shown  in  general  form  in  Figure  7.35(a). 


The  objective  of  the  analysis  is  to  derive  a  constant  transient  gain  Kj at  frequencies  in  the 
modal  frequency  range,  say  1  to  10  rad/s.  This  implies  that  all  corner  frequencies  in  the 
transfer  function  of  the  ES  should  lie  outside  of  the  latter  range. 
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Compensation  ‘Plant’ 


Rate  feedback  Compensation  Rate  feedback 


(a)  (b) 

Figure  7.35  Compensation  with  rate  feedback  of  the  exciter  output  voltage  £/or  the 
equivalent  exciter  field  current  (f/e) 

(a)  General  form  of  the  simple  block  diagram;  (b)  Equivalent  form. 

Based  on  the  equivalent  form  of  the  block  diagram  in  Figure  7.35(b),  the  following  analysis 
considers  the  behaviour  of  system  in  the  lower  and  higher  frequency  ranges.  The  lower 
range  includes  the  corner  frequencies  of  the  TGR  or  PI  compensation  together  with  the  cor¬ 
ner  frequency  \/Tp  of  the  rate  feedback  block.  The  higher  frequencies  range  which  exceeds 
10  rad/s  includes  plant  corner  1  /T  -  and  possibly  additional  higher  corner  frequencies  We 
require  l/Tp«  l/T  -  assuming  1  /Tp  is  the  highest  corner  in  the  lower  frequency  range  - 
and  1  /  T  >  10  rad/ s.  Ideally,  the  magnitude  of  the  transient  gain  Kp  should  then  be  constant 
over  the  range  of  modal  frequencies. 

Consider  the  limits  as  ay— >  co ,  s  =  jay  of  the  following  transfer  functions  whose  corners 
lie  in  the  lower  frequency  range: 

TGR  transfer  function  (7.1)  ( 1  +  sTc)/ ( 1  +  s TB)  — >  Tp/  TB ; 

PI  transfer  function  (7.31)  Kpp  +  ( KIp/s )  — >  Kpp ; 

Rate  feedback  transfer  function  (7.35)  sKp/(\  +  sTp)  — » Kp/Tp;  (7.46) 

The  plant  transfer  function  when  ay  <  1/(10  T)  is  K/(  1  +  j'ayT)  — »  K . 

The  upper  corner  frequency  of  the  TGR,  1  /Tc,  and  the  corner  frequency  of  the  PI, 
1  / Tpl  =  KIp/ Kpp ,  are  such  that  they  are  less  than  \/Tp. 

Let  Kq  =  Tp/Tb  or  let  Kq  =  KPP  (these  are  the  high  frequency  gains  of  the  TGR  or  PI  transfer 
functions  in  (7.46),  respectively). 


Under  the  condition  that, 
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ay>  \/TF>  l/Tc  or  ay>  \/Tp>  \/Tpi, 
the  transfer  function  for  the  systems  shown  in  Figure  7.35  is 


W(j  rod 


V 


=  Kr 


K 


Vref  c  L(1  +KKcKf/Tf)  1  +  (ja>fT)/(l  +  KKcKf/Tf)] 


(7.47) 


(7.48) 


The  gain  of  the  transfer  function  (7.48)  represents  the  transient  gain  Kj  over  the  range  of 
frequencies  of  interest: 


v  _  v  K 

1'e”  T  c'  (1  +KKcKf/TfY 


K, 


or 


1  1 


Tf  Kt  KKc 


(7.49) 


Note  the  corner  frequency  of  the  transfer  function  W(Ja y)  in  (7.48)  lies  at  a  value  greater 
than  1/T.  The  application  of  these  results  is  considered  in  Example  4. 

7.10,3.2.1  Example  4.  Case  2:  Transient  gain  reduction  or  PI  compensation  with  rate 

feedback 

The  application  of  rate  feedback  with  either  TGR  or  PI  compensation  in  a  closed-loop  con¬ 
trol  system  is  shown  in  Figure  7.35(a).  The  following  parameters  are  provided  for  the  com¬ 
pensation  and  the  plant,  i.e.: 

•  TGR:  Tq—  5  s,  Tb  =  12.5  s,  upper  corner  of  TGR  is \/Tq  =  0.2  rad/s; 

•  PI:  KPp  =  0.4  pu,  KIP  =  0.08  pu/s,  corner  of  PI  is  KIP  /  KPP  =  0.2  rad/s. 

•  Plant:  K  =  250  pu,  T=  0.05  s. 

•  For  both  forms  of  compensation:  transient  gain  Kj  —  32.0  pu.  Assume  TF—  2.0  s. 

Condition  (7.47)  is  valid  for  both  types  of  compensator.  Calculate  the  values  of  the  feedback 
gain  KF  for  each  compensation. 

Based  on  (7.49),  the  rate  feedback  gains  for  the  respective  compensator  types  and  for  the 
selected  value  of  the  feedback  time  constant  are: 


1  1 


TGR:  KF  =  ^-2-^)x2  =  0.0425  pu  with  Kc  =  TC/TB  =  0.4  pu; 

PI:  K” =  1  h  ■  250^4) x  2  =  °-0425  pu  with  Kc =  kpp  =  °-4  pu- 


For  the  system  of  Figure  7.35  the  frequency  responses  for  the  cases  of  TGR  and  PI  com¬ 
pensation  are  shown  in  Figure  7.36.  For  comparison,  the  response  of  the  high-frequency 
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transfer-function  model  of  the  system,  W(j  ay)  (7.48),  ay»  (1/7/)  =  0.5  rad/s,  is  also  dis¬ 
played.  All  three  magnitude  responses  satisfy  the  transient  gain  requirement  of  30  dB  (32  pu) 
over  the  selected  range  of  modal  frequencies.  Because  the  (upper)  corners  of  the  TGR  and 
PI  compensation  and  the  feedback  time  constant  are  the  same  in  both  cases,  their  phase  re¬ 
sponses  are  almost  identical  for  frequencies  greater  than  0.5  rad/ s  (  =  1/7/).  The  upper  cor¬ 
ner  frequencies  of  all  three  responses  lie  at  [1  +  (K K(,KF) /  7/] / T  =  63  rad/s,  a  value 

greater  than  1/7’=  20  rad/s.  For  the  purposes  of  comparison  note  that  the  parameters  of 
the  TGR  and  PI  compensation  have  been  chosen  such  that  the  product  K.KC  in  (7.49)  is  the 
same  in  each  case. 

This  example  demonstrates  that  the  relationships  in  (7.49)  provide  a  basis  for  determining 
the  parameters  for  rate  feedback  analysis  when  coupled  with  other  compensation  functions. 


-2-10  1  7 

10  10  10  10  10 


Frequency  (rad/s) 

-  TGR  -  PI 

-  High  Frequency  TF  model  (>  1/T  ) 

Figure  7.36  Frequency  responses  for  the  system  of  Figure  7.35(a):  TGR  or  PI  compensa¬ 
tion  in  the  forward  loop  and,  for  comparison,  the  high-frequency  transfer-function  model, 
W(j(Oy)  (7.48),  valid  for  ay»  (1/7/.)  =  0.5  rad/s  . 


7.10.3.3  Case  3.  Effect  of  other  or  additional  dynamics  in  the  forward  loop 

The  analysis  of  rate  feedback  compensation  has  been  based  on  the  excitation  system  (ES) 

configurations  of  Figures  7.29  and  7.35,  (i)  without  and  with  TGR  or  PI  compensation  and 
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(ii)  when  the  comer  frequency  of  the  first-order  ‘plant’  transfer  function,  K/(  1  +  sT)  in  the 
ES,  lies  above  the  range  of  modal  frequencies.  It  may  be  that  the  ‘plant’  transfer  function  is 
of  higher  order  than  one,  and/or  that  the  additional  pole(s)  lie  in  the  range  of  modal  fre¬ 
quencies,  perhaps  associated  with  higher-order  models  of  linearized  excitation  systems. 
Such  additional  dynamics  in  the  forward  loop  can  be  accommodated  in  the  analysis  which 
has  been  developed  in  Example  5,  below. 

7,10.3.3.1  Example  5.  Case  3.  TGR  or  PI  compensation  with  rate  feedback  and  additional 

dynamics  in  the  forward  loop 

Let  us  consider  Example  4  which  includes  transient  gain  reduction  or  PI  compensation  with 
rate  feedback.  Let  us  assume  that  there  are  additional  blocks  which  introduce  poles  at  -2.5  , 
-20  and  -50  Np/ s  in  the  ‘plant’.  The  pole  at  -2.5  is  associated  with  a  corner  frequency  of 
2.5  rad/ s.  Unfortunately,  this  corner  lies  in  the  modal  frequency  range  of  1  -  10  rad / s  over 
which  a  transient  gain  of  30  dB  is  required.  Moreover,  this  pole  being  associated  with  a 
‘plant’  parameter  may  vary  somewhat  with  the  plant  loading  between  -2.3  and  -2.6  Np/ s. 

An  approach  which  is  adopted  for  this  scenario  is  to  ‘cancel’  the  pole  at  -2.5  Np/s  and 
shift  it  to  a  higher  frequency  beyond  the  modal  frequency  range  using  the  lead-lag  transfer 
function,  say  (1  +  ?0.42)/ (1  +  ?0.042) ,  with  corners  at  2.38  and  23.8  rad/ s  The  corners 
of  the  modified  dynamics  all  lie  above  or  at  that  of  the  ‘plant’  corner  frequency  of  1  /T  —  20 
rad/ s  and  thus  the  identical  design  used  in  Case  2  above  is  employed,  i.e.  the  parameters  of 
the  TGR,  PI  and  rate  feedback  parameters  are  the  same  as  in  Example  4.  The  transfer  func¬ 
tion  of  the  block  associated  with  the  ‘plant’  in  Figure  7.35(a)  therefore  takes  the  form: 

250  1  (1  +0.42.?)  _ 1 _ 

(1+0.05?)  '  (1+0.4?)  ’  (1  +0.042?)  '  (1  +0.05?)(1  +0.02?)' 

The  frequency  response  of  the  closed-loop  ‘plant’  with  TGR  or  PI  compensation  and  rate 
feedback,  with  and  without  the  additional  dynamics,  is  shown  in  Figure  7.37  on  page  368. 

Figure  7.37  reveals  that  the  magnitude  plots  with  and  without  additional  dynamics  agree 
closely  over  the  range  1-10  rad/ s.  However,  the  phase  plots  start  to  diverge  only  at  2  -  3  rad/ 
s  and  at  10  rad/ s  there  is  an  additional  phase  lag  of  about  20  °  due  to  the  additional  dynam¬ 
ics.  The  performance  of  the  closed-loop  ‘plant’  can  be  improved  with  further  fine-tuning. 


1.  Note:  there  is  not  complete  cancellation  of  the  pole  at  -2.5  with  the  zero  at  -2.38.  For  a 
disturbance  to  the  system  the  magnitude  of  the  response  associated  with  the  almost  can¬ 
celled  pole  at  -2.5  should  be  small. 
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-  TGR  -  PI ;  with  added  dynamics 

—  —  TGR  —  —  PI ;  without  added  dynamics 


Figure  7.37  Frequency  responses  for  the  closed-loop  ‘plant’  of  Figure  7.35  for  TGR  or 
PI  compensation  in  the  forward  loop  and  rate  feedback.  With  additional  dynamics 
the  poles  lie  at  -2.5  ,  -20  ,  -23.8,  -50,  the  zero  at  -2.38  Np/ s. 


7.10.4  Rate  feedback  compensation  using  the  Root  Locus  Method 

What  is  the  significance  of  the  root  locus  method  for  the  purpose  of  determining  the  rate- 
feedback  parameters  in  addition  to  frequency  response  techniques?  Firstly,  if  the  AVR  and/ 
or  the  exciter  models  are  of  higher  order  or  differ  from  the  form  assumed  in  (7.36)  /  (7.37), 
it  may  be  possible  to  derive  initial  estimates  only  of  the  rate-feedback  parameters  KF  and  TF 
from  the  analysis  of  Section  7.10.3.  Secondly,  the  robustness  or  sensitivity  of  the  damping 
of  the  poorly-damped  closed-loop  poles  to  changes  in  a  parameter  value  can  be  assessed 
The  use  of  a  combination  of  the  root  locus  method  and  frequency  response  techniques  to 
fine-tune  the  estimated  parameters  may  then  yield  an  acceptable  set  of  parameter  values. 

The  following  is  an  unconventional  application  of  the  well-known  root  locus  method  de¬ 
scribed  in  [8]  or  [9],  The  basis  for  this  application  of  the  method  to  determine  how  the 
closed-loop  poles  of  the  off-line  generating  unit  under  closed-loop  voltage  control  vary  as  a 
parameter  such  as  KF  in  the  feedback  path  is  varied  from  zero  to  infinity. 

The  block  diagram  of  Figure  7.28  is  manipulated  in  several  steps  into  a  form  that  is  amena¬ 
ble  to  determination  of  the  gain  KF  using  the  root  locus  method,  i.e.  the  gain  KF  appears  in 
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the  forward  path  of  the  open-loop  system.  The  desired  form  of  the  open/ closed  loop  sys¬ 
tem  is  that  shown  in  Figure  7.38.  In  this  form  the  generator  and  its  voltage  control  loop  be¬ 
come  a  feedback  loop  about  the  AVR  and  exciter.  Note  that  the  closed-loop  poles  of  the 
transfer  functions  Vf  Vrej  and  Ej/  Vdum  are  identical,  however  the  zeros  in  the  two  transfer 

functions  differ.  As  the  terminal  voltage  reference  Vref>  shown  in  Figure  7.28  on  page  355, 

is  not  relevant  to  this  scenario  it  is  ignored  in  the  root-locus  analysis.  This  is  now  in  the  clas¬ 
sical  form  of  a  closed-loop  system  for  root  locus  analysis  using  Matlab®,  the  gain  k  being 
varied  over  the  range  0  — »  oo .  (Note  that  for  the  unit  on-line  a  root  locus  analysis  can  be  con¬ 
ducted  using  a  power  system  small-signal  software  package.  A  succession  of  eigen-analyses 
is  performed  as  the  gain  k  in  the  block  diagram  of  Figure  7.38  is  varied  over  an  appropriate 
range). 


Figure  7.38  Block  diagram  of  a  generating  unit  off-line.  An  equivalent  form  of 
Figure  7.28  for  root-locus  analysis  with  a  variable  gain  k. 


7. 10.4.1  Example  6.  Root  Locus  Method.  Application  to  the  generating  unit  off-line 

For  the  analysis  of  the  off-line  performance  of  the  generating  unit  the  same  parameters  are 

adopted  as  in  Section  7.10.3.2.1  for  TGR  compensation  with  rate  feedback  of  the  exciter 

voltage. 

Generator  and  exciter  parameters:  T d0  =  5  s,  KE  =1.0  pu,  TE  =  0.10  s; 

AVR  parameters:  KA  =  250.0  pu,  TA  =  0.05  s; 

Transient  gain  reduction  parameters:  TC=  5.0  s,  Tb  =  12.5  s; 

Tuning  of  the  feedback  block  parameters  yielded  values  of  Kp  =  0.0425  pu-s  and  Tp  —  2.0  s. 

With  reference  to  Figure  7.35,  the  exciter  transfer  function  Gex(s )  is  included  in  the  ‘plant’ 
transfer  function;  the  feedback  signal  is  the  field-voltage  perturbation.  Because  the  condi¬ 
tion  (7.47),  \/Tp«(af«  \/Te<  1  /  Ta  ,  applies  to  this  scenario,  the  same  values  of  Kp  and  TE 

apply  to  this  example.  Of  interest  is  the  effect  on  the  damping  of  the  closed-loop  system  of 
changes  in  KE.  This  can  be  determined  from  the  plot  of  the  root  loci  shown  in  Figure  7.39 
as  the  gain  k  in  Figure  7.38  is  varied  0  — »  oo  with  Kp  set  to  0.0425  pu-s.  The  associated 
closed-loop  poles  for  k—  1,  i.e.  k.KE—  0.0425,  are  marked  on  the  plot  and  are  all  well 
damped. 
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Figure  7.39  Root  locus  plot  for  the  exciter-voltage  feedback  gain  k.KF,  KF  =  0.0425  pu-s 
and  TF  =  2.0  s.  Loci  of  the  closed-loop  poles  start  at  the  open-loop  poles  and  terminate  at 
the  finite  or  infinite  zeros  as  gain  k  is  varied  0  — >  oo . 

The  closed-loop  poles  for  an  increase  in  the  rate-feedback  gain  of  6  dB  (k  —  2)  are  also 
marked  on  the  locus  plot;  the  dominant  closed-loop  pole  at  -0.52  Np/ s  {k  =  1)  is  not  sig¬ 
nificantly  affected.  Furthermore,  it  is  observed  that  the  damping  of  the  dominant  pole  im¬ 
proves  for  an  increase  in  gain  of  5.7  times  (15  dB)  before  the  damping  commences  to 
decrease  (the  damping  constant  changes  from  -0.52  Np/s  to  -0.88  Np/s).  For  a  decrease 
in  gain,  say  to  k  =  1/5.7  =  0.18,  the  closed-loop  pole  lies  just  to  the  left  of  the  open-loop 
pole  at  -0.50  Np/s;  the  dominant  pole  of  the  off-line  generator  under  closed-loop  voltage 
control  is  therefore  robust  to  gain  variations  of  ±15  dB. 

It  is  noted  that  the  corner  frequency  1  /Tg  =10  rad/ s  is  a  value  at  the  upper  end  of  the  mod¬ 
al  frequency  range.  Nevertheless,  a  frequency  response  plot  of  the  ES  shows  that  transient 
gain  is  held  constant  at  30  dB  from  1.5  to  20  rad/ s. 

The  performance  of  the  generator  on-line  under  closed-loop  voltage  control  with  rate  feed¬ 
back  compensation  is  very  similar  to  those  studied  for  TGR  and  P1D  compensation.  The 
similarity  is  a  result  of  selecting  the  transient  gain  to  be  the  same  ( KT  =  32  pu)  over  the  se¬ 
lected  modal  frequency,  1-10  rad/ s,  in  all  cases. 
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7.11  Tuning  of  AVRs  with  Type  2B  PID  compensation  in  a  three- 
generator  system 

This  section  is  a  continuation  of  the  example  described  in  Section  7.8.  Its  purpose  is 

•  to  demonstrate,  in  some  detail,  the  more  complex  tuning  of  the  AVRs; 

•  to  satisfy  the  dynamic  and  steady-state  performance  specifications  over  a  wide  range 
of  normal  and  line-outage  operating  conditions; 

•  to  analyse  the  performance 

*  of  a  generator  operating  off-line  at  rated  speed  and  under  closed-loop  voltage 
control; 

•  of  one,  two  or  three  machines  on-line  at  part  and  at  rated  real  power  output 
for  a  range  of  reactive  power  generation; 

•  to  include  models  of  the  non-linear  and  the  linearized  brushless  excitation  system  and 
to  determine  the  variation  of  parameters  of  the  linearized  model  with  operating  condi¬ 
tions. 

7.11.1  The  three-generator,  132  kV  power  system 

A  power  station  containing  three  identical  generators,  each  rated  50  MW  0.85  power  factor, 
is  connected  by  double-circuit  1 32  kV  lines  to  a  high  voltage  system,  represented  by  an  in¬ 
finite  bus,  as  shown  in  Figure  7.40. 


1 

2 

3 


5 

5  a  7 

4  km 

50  km 

130  km 

b 

Infinite  Bus 


Figure  7.40  The  three-generator,  132  kV  power  system 


The  parameters  of  the  5th  order,  salient-pole  generator  rated  58.8  MVA  and  its  exciter  are 
listed  in  Appendix  7—1.1 .2.  The  exciter  is  an  AC  generator  with  a  rotating  rectifier  and  is  rep¬ 
resented  by  an  AC8B  Excitation  System  Model  [12]  shown  in  Appendix  7—1.2,  Figure  7.49. 


Note  that  the  following  applies  only  to  the  analysis  associated  with  the  system  shown  in 
Figure  7.40  and  the  associated  AVRs  with  Type  2B  PID  compensation. 

The  PID  parameters  are  to  be  determined  assuming  Kq  —  1,  Tq  —  0. 
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Transmission  line  parameters  in  per  unit  / 1 00  km  on  system  base  (100  MV A)  are: 

Z  =  0.0632+j0.2347,  b  =  0.0484. 

The  load  at  bus  5  is  50  MW,  10  MVAr  lag  when  it  is  ‘on’,  zero  when  ‘off.  The  most  onerous 
system  contingency  is  the  outage  of  the  130  km  line  ‘a’. 

The  transformer  parameters  are: 

for  each  generator:  Z  =  j0.20  pu  on  100  MV A,  tap  range  ±10  %. 

for  the  transformer  at  the  Infinite  Bus:  Z  =  j0.05  pu  on  100  MVA,  tap  range  ±10  %. 

The  range  of  operating  conditions  is  summarised  in  Table  7.9. 

For  each  set  of  study  cases  C*1  to  C*5  and  C*6  to  C*10,  the  real  power  output  of  each  gen¬ 
erator  is  maintained  constant  for  the  five  reactive  power  outputs  between  25  Mvar  lagging 
to  20  Mvar  leading.  That  is: 

•  Output  of  each  generator:  50  MW  at:  25,  12.5  Mvar  lag,  0  Mvar,  and  10,  20  Mvar  lead; 

•  Output  of  each  generator:  25  MW  at:  25,  12.5  Mvar  lag,  0  Mvar,  and  10,  20  Mvar  lead; 

•  Number  of  generators  on-line:  one,  two  or  three.  Units  are  equally  loaded;  unequal 

loadings  are  not  considered  in  these  studies. 

Table  7.9  Power  system  operating  conditions 


No.of 

Units 

Power 

(MW) 

* 

Cases 

Load# 

Line  ‘a’ 

Cases 

Load# 

Line  ‘a’ 

Mvar:  25  lag  to 
20  lead 

in  or 

out 

in  or 

out 

Mvar:  25  lag  to 
20  lead 

in  or 

out 

in  or 

out 

One 

50 

C01-C05 

in 

in 

C06-C10 

in 

out 

50 

C11-C15 

out 

in 

C16-C20 

out 

out 

25 

C21-C25 

out 

in 

- 

- 

- 

Two 

50 

C41-C45 

in 

in 

C46-C50 

in 

out 

50 

C51-C55 

out 

in 

C56-C60 

out 

out 

25 

C61-C65 

out 

in 

- 

- 

- 

Three 

50 

C71-C75 

in 

in 

C76-C80 

in 

out 

50 

C81-C85 

out 

in 

C86-C90 

out 

out 

25 

C91-C95 

out 

in 

- 

- 

- 

*  Power  output  per  generator 

^  Load:  50  MW  10  Mvar.  Line  ‘a’  in  or  out  of  service. 


The  features  of  this  generator-brushless-exciter  and  power  system  are:  (i)  the  lines  are  long 
with  a  surge  impedance  loading  (SIL)  of  45  MW;  (ii)  at  rated  output  of  the  station  the  lines 
are  heavily  loaded  (about  1.7xSIL);  (iii)  with  the  outage  of  a  line  the  loading  on  the  second 
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circuit  is  about  3.4xSIL;  (iv)  the  open-circuit  time  constants  of  the  generator  and  exciter  are 

relatively  long;  (v)  the  only  adjustable  parameters  in  the  AVR  are  those  of  the  PID  and  the 

1 

gain  Kq,  (vi)  for  planning  purposes  the  halving  time  of  any  rotor  modes  should  be  less  than 
5  s.  An  implication  of  items  (iv)  and  (v)  is  that  the  PID  must  introduce  adequate  phase  lead 
at  lower  frequencies,  i.e.  about  1  to  4  rad/ s.  This  not  only  ensures  stability  but  also  satisfies 
a  requirement  that,  for  a  small  step-change  in  reference  voltage,  the  settling  time  of  the  ter¬ 
minal  voltage  response  to  lie  within  a  band  of  ±10  %  of  its  final  value  in  less  than  5  s  when 
the  generator  is  on-line;  when  off-line  the  10%  settling  time  is  2.5  s. 

To  ensure  that  the  tuning  of  the  PID  covers  a  range  of  operating  conditions,  the  75  gener¬ 
ating/operating  conditions  shown  in  Table  7.9  are  examined.  However,  certain  system  con¬ 
ditions  are  not  credible  because  132  kV  bus  voltages  are  outside  the  range  of  95-108%,  or 
taps  are  at  their  limiting  positions;  several  cases  -  such  as  C71  and  C90  at  maximum  lagging 
or  leading  reactive  power  output  -  are  therefore  discarded.  The  terminal  voltage  of  each  gen¬ 
erator  is  maintained  at  1  pu. 

7.11.2  The  frequency  response  characteristics  of  the  brushless  exciter  and  genera¬ 
tor 

The  closed-loop  terminal  voltage  control  system  of  each  generator  is  shown  in  the  block  di¬ 
agram  in  Figure  7.41;  note  that  the  generator  model  accounts  for  the  effects  of  the  external 
system  when  the  unit  is  on-line.  Because  the  models  of  both  the  generator  and  the  exciter 
are  non-linear,  the  parameters  of  the  linearized  model  will  change  with  conditions  at  the  gen¬ 
erator  terminals.  In  order  to  establish  suitable  parameters  for  the  excitation  control  system 
it  is  necessary  to  determine  the  variation  of  the  generator-exciter  characteristics  with  termi¬ 
nal  conditions. 


AVR  Exciter  Generator/ 

external  system 


Figure  7.41  Terminal  voltage  control  system.  The  gain  KAE  accounts  for  the  per  unit  sys¬ 
tem  of  the  excitation  control  system  which  includes  a  brushless  exciter. 

Over  a  range  of  terminal  conditions  such  a  characteristic  is  the  frequency  response  of  the 
generator-exciter  transfer  function,  as  measured  between  the  exciter  field  voltage  as  input 


1.  See  definition  in  Section  10.2.2. 
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and  the  transducer  voltage  output,  Vtrn{j(£ y)/  Vex^J(aj)  .  The  use  of  the  latter  transfer  func¬ 
tion  is  particularly  pertinent  to  brushless  excitation  systems  in  which  the  exciter  output  volt¬ 
age  is  not  accessible  for  measurement. 

A  5th  order  model  of  the  generator  and  a  non-linear  exciter  model  are  available  in  a  small- 
signal  power  system  dynamic  performance  package.  Such  models  are  automatically  line¬ 
arized  at  each  operating  condition  by  the  software.  The  non-linear  and  linearized  exciter 
model  are  shown  in  Figure  7.49  and  7.50  of  Appendix  7-1.2. 

Based  on  (i)  the  power  system  of  Figure  7.40,  (ii)  the  system  and  device  parameters  given  in 
Section  7.11.1,  the  frequency  responses  of  relevant  blocks  in  the  voltage  control  loop  are 
calculated  for  selected  operating  conditions.  The  set  of  frequency  responses  for  the  genera¬ 
tor  and  exciter,  Vtrn/Vexf ,  are  shown  in  Table  7.42  when  either  one,  two  or  three  generators 
are  on-line;  the  output  of  a  generator  is  25  or  50  MW  at  1  pu  terminal  voltage. 

For  normal  and  N-l  operation  of  this  system,  operation  at  lagging  power  factors  is  more 
likely  to  occur.  The  selection  of  the  P1D  parameters  may  be  influenced  accordingly. 

It  is  noted  from  Figure  7.42  that,  for  feasible  cases  C01  to  C95  the  gain  in  the  generator/ 
exciter  frequency  responses  in  the  region  of  1.0  rad/ s  varies  within  ±6  dB,  and  the  phase 
varies  by  about  ±25°.  The  variations  in  the  responses  over  the  frequency  range  are  due  not 
only  to  the  range  of  steady-state  conditions  at  the  generator  terminals  but  also  to  the  asso¬ 
ciated  parameter  values  in  the  small-signal  model  of  the  exciter.  An  example  of  the  exciter 
parameters  and  the  steady-state  field  voltage  is  illustrated  in  Table  7.10  of  Appendix  7—1.2 
for  operating  conditions  Cl 6  to  C20  in  which  a  single  machine  is  on-line. 

The  significance  of  the  phase  variation  is  the  following.  Let  us  assume  that  when  the  PID  is 
added  to  the  forward  loop  the  gain-cross-over  frequency  of  the  Bode  plot  of 
Vtrn{j(i>j)/ Vref(j<-0j)  occurs  at  1  rad/ s.  The  gain  variation  in  the  generator/ exciter  frequency 

responses  at  1  rad / s  is  small  but  the  phase  variation  remains  at  about  ±25°  .  This  will  result 
in  a  similar  variation  in  the  phase  margin  over  the  range  of  operating  conditions  with  impli¬ 
cations  for  both  stability  and  transient  response  to  a  step  change  in  reference  voltage.  The 
Bode  plots  suggest  that,  when  the  units  are  under  closed-loop  voltage  control,  the  greater 
phase  lags  in  the  leading  power  factor  cases  (i)  are  not  conducive  to  stability,  and  (ii)  result 
in  the  terminal  voltage  response  to  step  changes  in  reference  voltage  being  less-well  or  poor¬ 
ly  damped. 

To  determine  an  appropriate  set  of  PID  parameters  for  the  range  of  operating  conditions 
let  us  base  the  analysis  on  a  condition  in  the  middle  of  the  band  of  phase  variations,  say  Case 
Cl  7,  in  which  the  output  of  a  single  generator  is  50MW,  12.5  Mvar  lagging;  the  line  ‘a’  is  out 
of  service  and  the  load  is  disconnected. 


Phase  (deg)  Magnitude  (dB)  Phase  (deg)  Magnitude  (dB) 


Sec.  7.1 1  Tuning  AVRs  with  type  2B  P1D  compensation 


375 


C01  —  —  - 

C05 

C06 

CIO 

Cll 

C15 

C16 

C20 

C21  —  —  - 

C25 

C17 

(a) 


C42  — 

-  C44 

C46 

C50 

C51 

C55 

C56 

C60 

C61  — 

—  -  C65  - 

-  C17 

(b) 


10  1  10°  101 
Frequency  ( rad/ s ) 


(a)  One  unit,  (b)  Two  units,  (c)  Three  units. 

Solid  lines:  Maximum  lagging  reactive  power 
Dashed  lines:  Maximum  leading  reactive  power 

Real  power  output  is  50  MW  in  all  cases  except  for 
C21-25,  C61-65  and  C92-95  when  it  is  25  MW. 

Cases  C76,  C80,  C81,  and  others  are  omitted  because 
operating  constraints  are  infringed  and  are  infeasible. 
For  some  other  cases  the  reactive  power  output  per 
generator  is  reduced,  e.g.  from  —  1 0  to  —5  Mvar  for 
Case  79. 

Case  Cl  7  is  adopted  as  the  Base  Case  and  is  shown  in 
all  three  sets  of  plots. 
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Figure  7.42  Envelopes  of  frequency  responses  between  the  generator  terminal  voltage 
transducer  and  the  exciter  field  voltage,  Vtrr/Vexj,  for  the  feasible  range  of  operating 

conditions  shown  in  Table  7.9 


7. 11.2. 1  Calculation  of  the  P1D  Type  2B  parameters 

In  order  to  establish  a  basis  for  the  compensation  to  be  provided  by  the  PID,  let  us  consider 
for  Case  C17  the  frequency  responses  of  the  generator  and  exciter,  Vtrn(j ffy)/  V£Xj{j(x y) ,  and 
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the  AVR,  Vexf/Verr  =  PID(ja y) .  The  PID  parameters  selected  for  trial  are  those  for  set 
No.  2  in  Table  7.6  on  page  350.  These  two  responses  are  shown  in  Figure  7.43  together  with 
the  phase  response  of  the  open-loop  transfer  function  Vtrn/Vrej-. 


Exciter-Gen : 
PID  #2  : 

Open- loop  TF: 


V 

trn 

V 

exf 

V 

trn 


/V 

/V 

/V 


exf 
err 
ref ' 


PM  =  91  deg 


Figure  7.43  Case  C17  (one  unit):  Frequency  responses  of  the  component  transfer 
functions  in  the  open-loop  system  including  the  PID  parameter  Set  No.  2 
(see  Table  7.6  on  page  350), 

i.e.  KP=  14  pu,  Kj  =  7.0  pu/s,  KD  =  8.0  pu-s,  TD  =  0.143  s,  KG  =  TO. 

Gain  cross-over  frequency  of  the  open-loop  transfer  function  is  1.51  rad/ s. 


From  the  open-loop  transfer  function  in  Figure  7.43  it  is  noted  that  (i)  the  gain-cross-over 
frequency  occurs  in  the  range  0.7  -  2.5  rad/s  for  which  the  possible  variations  in  the  loop 
gain  lie  in  the  range  +4.5  dB;  (ii)  the  phase  margin  varies  from  103°  to  75°  over  the  same 
frequency  range. 


In  determining  appropriate  PID  parameters  the  phase  margin  should  be  more-or-less  con¬ 
stant  about  the  gain-cross-over  frequency  for  robustness  to  gain  variations.  Selecting  a  phase 
margin  of  65° ,  say,  ensures  the  closed-loop  response  of  terminal  voltage  to  a  step  change  in 
reference  voltage  is  not  significantly  over-damped  (for  large  values  of  the  phase  margin)  or 
under-damped  (for  small  values  of  the  phase  margin).  In  the  case  of  higher  values  of  loop 
gain  associated  with  the  gain-cross-over  frequency  exceeding  3  rad/s  we  note  that  the 
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closed-loop  step  response  of  terminal  voltage  is  likely  to  contain  a  damped  oscillatory  com¬ 
ponent  due  to  the  electro-mechanical  modal  resonance  at  5  to  6  rad/ s. 

We  will  therefore  examine  an  approach  to  derive  a  more  of  less  constant  phase  margin  of 
65  °  over  an  appropriate  frequency  range  for  Case  1 7.  The  ‘phase  matching’  method  which 
achieves  this  objective  is  described  in  Appendix  7—1.5  in  which  it  is  shown  in  Figure  7.55 
that  the  parameter  set  No.  4  for  P1D  Type  2B  in  Table  7.6  provides  the  required  phase  mar¬ 
gin. 

The  significance  of  the  analysis  of  the  phase  margin  for  the  Base  Case  17  is  revealed  in  its 
effect  on  the  terminal  voltage  response  of  the  closed-loop  system  due  to  a  step  change  in 
reference  voltage  for  the  full  set  of  operating  conditions.  As  shown  in  Figure  7.44  the  re¬ 
sponse  of  the  system  incorporating  PID  Set  No.  2  (phase  margin  96° )  is  well  damped.  How- 
ever,  with  PID  set  4  (phase  margin  66°)  a  satisfactory,  suitably-damped  response  results. 
Moreover,  the  settling-time  requirement  that  the  response  lies  within  10%  of  its  final  value 
within  5  s  is  satisfied  with  both  PID  Sets  2  and  4. 


-  PID  #2  -  PID  #4 

Figure  7.44  Case  Cl 7.  Single  unit  only  on-line.  Perturbations  in  terminal  voltage  (Ff)  due 
to  a  step  change  in  reference  voltage  from  a  steady-state  value  of  1.0  pu  to  1.01  pu  (1%). 
PID  parameter  Sets  2  and  4,  Table  7.6.  The  ±10  %  band  about  the  final  value  is  also  shown. 

The  dynamic  performance  of  the  single  generator  with  PID  Set  No.  4,  parameter  values 
KP  =  14  pu,  Kj  =  14  pu/ s,  Kd  =  5.89  pu-s  and  TD  =  0.1053  s,  appears  satisfactory.  The  ap¬ 
plication  of  this  PID  set  to  all  the  feasible  operating  cases  and  conditions  for  a  generator  off¬ 
line  and  one,  two  and  three  units  on-line  is  now  examined. 

7. 11.2.2  Dynamic  performance  of  a  unit  off-line  under  closed-loop  terminal  voltage  control 
When  the  generator  is  operating  off-line  at  rated  speed  and  under  closed-loop  voltage  con¬ 
trol  it  is  required  to  satisfy  the  relevant  performance  specifications.  For  example,  such  spec¬ 
ifications  may  require  that  the  measured  terminal  voltage  settles  within  10%  of  the  final 
value  in  less  than  5  s  for  a  step  change  of  1%  in  the  terminal  voltage  (see  Section  7.4).  in  the 
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analysis. When  the  generator  is  off-line  in  the  following  analysis  the  1 0%  settling  time  in  ter¬ 
minal  voltage  for  a  1%  change  in  reference  voltage  is  2.5  s. 

In  previous  examples  simple  models  of  the  exciter  and  the  generator  have  been  employed, 
i.e.  1  /{KE  +  sT E)  and  1/(1  +  sT' d Q).  However,  (i)  at  1  pu  voltage  the  small-signal  gain  of 
the  generator  is  determined  by  the  slope  of  the  saturation  curve  and  is  less  than  unity;  (ii) 
the  perturbations  in  generator  field  current  modulates  the  generator  field  voltage  by  two 
mechanisms  represented  in  the  model  of  the  exciter  in  Appendix  7—1.2,  Figure  7.50.  The 
mechanisms  are  (i)  the  effect  of  the  demagnetization  term,  KDE,  and  (ii)  the  non-linear  re¬ 
duction  in  rectifier  average  output  voltage  with  increase  in  the  rectifier  load,  i.e  the  generator 
field  current.  The  latter  mechanism  is  represented  by  the  value  of  the  gain  KCE  and  the  as¬ 
sociated  mode  of  operation  of  the  rectifier. 

The  linearized  model  of  the  off-line,  fifth-order  salient-pole  generator  and  the  exciter  are 
formed  automatically.  The  off-line  unit  operates  a  rated  voltage  and  speed.  The  other  ele¬ 
ments  in  the  voltage  control  loop  are  P1D  Set  No.  4  (see  Appendix  7—1.5),  the  per  unitizing 
gain  Kae  and  the  terminal  voltage  transducer,  time  constant  Ttrn  .  The  generator  and  exciter 
parameters  are  given  in  Appendix  7— 1.1.2.  The  Bode  Plot  of  the  open  voltage-control  loop, 
Vtr„{j(oj)/  Vrej(ja y) ,  and  the  associated  closed-loop  response  in  generator  terminal  voltage 

due  to  a  +1%  step  in  the  reference  voltage,  are  shown  respectively  in  (a)  and  (b)  of 
Figure  7.45. 

The  closed-loop  step  response  is  adequately  damped,  as  predicted  by  the  Bode  plot,  and  sat¬ 
isfies  the  performance  specification. 

7.11.2.3  Dynamic  performance  over  a  range  of  operating  conditions;  one,  two  and  three  units 
on-line  based  on  P1D  parameter  Set  No.  4. 

The  open-loop  frequency  responses  for  one,  two  and  three  units  on-line  are  examined  to 
derive  information  on  both  the  damping  of  the  voltage  control  loop  and  the  stability  of  the 
power  system  under  closed-loop  conditions.  The  margins  of  rotor  angle  stability  under 
closed-loop  conditions  are  also  examined,  assuming  for  planning  purposes  a  5  s  halving  time 
for  the  dominant  mode.  Finally,  the  closed-loop  responses  of  the  generator  terminal  voltage 
to  step  changes  in  its  reference  voltage  are  assessed  to  determine  if  the  requirement  that  the 
response  lies  within  10%  of  its  final  value  within  5  s  is  satisfied  over  the  range  of  operating 
conditions. 
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Frequency  (rad/s) 


Time  (s) 


(b)  Perturbation  in  generator  terminal  voltage  due  to  a 
step  change  in  reference  voltage  from  a  steady-state 
value  of  1.0  pu  to  1.01  pu  (1%). 

10%  Settling  time  <  2.5  s. 

(a)  Bode  Plot:  Phase  Margin  60  deg  at  2.2  rad/ s. 


Figure  7.45  Generator  off-line,  operating  at  rated  speed  under  terminal  voltage  control 
with  PID  Set  No.  4.  (a)  Open-loop  Bode  Plot,  (b)  Perturbation  in  closed-loop  terminal  volt¬ 
age  step-response. 

7.11.2.3.1  Open-loop  frequency  responses:  one,  two  and  three  units  on-line. 

In  the  following  Bode  plots  for  generator  #1  the  terminal  voltage  feedback  path  is  open  on 
that  generator,  but  is  closed  on  the  other  generators  when  more  than  one  unit  is  on-line.  The 
Bode  plots  are  shown  in  Figure  7.46  for  the  cases  when  one,  two  or  three  generators  are  on¬ 
line.  When  all  machines  are  under  closed-loop  voltage  control  these  open-loop  plots  should 
reveal  the  nature  of  (i)  the  damping  in  the  voltage  control  loop  on  generator  #  1 ,  (ii)  the  sta¬ 
bility  of  the  system,  and  (iii)  the  terminal  voltage  response  of  generator  #1  to  a  step  in  its 
reference  voltage.  One  can  equally  well  apply  the  above  analysis  to  unit  #2  or  #3  instead. 

Because  the  Phase  Margins  derived  from  the  Bode  plots  in  Figure  7.46  are  all  positive  the 
system  is  stable  over  the  range  of  operating  conditions.  However,  the  Phase  Margins  are 
much  less  than  the  desired  value  of  65°  at  higher  values  of  leading  reactive  power  output, 
e.g.  for  C20  the  PM  is  44°  at  1.26  rad/s.  Thus  under  leading  power  factor  operation  and 
closed-loop  voltage  control  the  system  damping  is  degraded.  However,  in  the  cases  of  one, 
two  or  three  generators  on-line  at  rated  real  power  output  it  should  be  noted  that  the  higher 
values  of  leading  reactive  power  output  are  unlikely  to  arise  in  practice.  In  such  cases  the  re¬ 
active  power  import  to  the  system  at  the  infinite  bus  is  somewhat  greater  than  that  absorbed 
by  the  generator.  For  example,  in  case  C55  the  output  of  two  units  is  100  MW  -40  Mvar  and 
the  reactive  import  from  the  infinite  bus  is  64  Mvar.  Similarly  in  case  Cl 5  for  one  generator, 
output  50  MW  -20  Mvar,  15  Mvar  is  imported  from  the  system.  Such  reactive  flows  from 
the  real  power  sink  to  the  real  power  source  are  unwarranted  and  uneconomic  -  especially 


380 


Introduction  to  the  tuning  of  AVRs  Ch.  7 


for  the  outage  of  line  ‘a’.  Thermal  limits  of  transmission  lines  and  transformers,  which  may 
be  relevant  under  outage  conditions,  have  been  ignored.  Clearly,  under  leading  power  factor 
operation  the  reactive  power  absorbed  by  the  generators  must  be  limited.  Such  limits  would 
need  to  be  determined  by  further  studies. 
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(a)  One  unit,  (b)  Two  units,  (c)  Three  units. 

PID  Set  No.4  installed  on  all  generators 

Solid  lines:  Maximum  lagging  reactive  power 
output. 

Dashed  lines:  Maximum  leading  reactive  power 
output. 

Unit  real  power  output  is  50  MW  in  all  cases  ex¬ 
cept  for  C21-25,  C61-65  and  C92-95  when  it  is  25 
MW. 

Cases  C76,  C80,  C81,  and  others  are  omitted  be¬ 
cause  operating  constraints  are  infringed  and  are 
infeasible.  For  some  other  cases  the  reactive  pow¬ 
er  output  per  generator  is  reduced,  e.g.  from  —  1 0 
to  —5  Mvar  for  Case  79. 

Case  Cl 7  is  adopted  as  the  Base  Case  and  is 
shown  in  all  three  sets  of  plots. 


Figure  7.46  All  feasible  Cases,  C01  to  C95:  Bode  plots  Vfrn(j®j)/  VrejU®f)  of  the 
terminal  voltage  when  the  feedback  path  is  open  on  generator  #1  with  PID  Set  No.  4. 
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7.1 1.2. 3. 2  System  eigenvalues  when  generators  are  under  closed-loop  voltage  control 

While  the  Phase  Margins  derived  from  the  Bode  plots  show  that  the  system  is  stable,  an  ex¬ 
amination  of  the  eigenvalues  for  the  rotor  modes  reveals  the  degree  of  stability  of  these 
modes.  The  most  onerous  conditions  most  likely  to  yield  rotor  angle  instability  are  the  cases 
for  which  line  ‘a’  in  Figure  7.40  is  out  of  service  and  the  load  at  bus  5  is  off,  i.e.  the  rated 
output  of  the  station  is  carried  over  line  ‘b’.  The  local  and  inter-machine  modes  for  one  or 
more  units  on-line  are  seen  in  Figure  7.47. 
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Figure  7.47  Eigenvalues  for  one,  two  and  three  units  on-line.  Line  ‘a’  is  out-of-service  and 
the  load  at  bus  5  is  off.  Conditions  are  shown  for  feasible  maximum  lagging  and  leading 
reactive  power  outputs  at  rated  real  power.  P1D  Set  No.  4  installed  on  all  generators. 


As  shown  in  Figure  7.47,  when  three  machines  are  on-line  at  rated  real  power  output  the  5 
s  halving  time  is  breached,  or  nearly  breached  (cases  C86-C88).  To  provide  an  adequate  mar¬ 
gin  of  stability  for  the  most  onerous  condition  it  is  therefore  necessary  to  install  power  sys¬ 
tem  stabilizers  on  the  generators.  (This  is  not  considered  here.) 

7. 1 1 .2.3.3  Step  responses  for  the  range  of  feasible  operating  conditions:  one,  two  or  three 

units  on-line. 

Based  on  the  P1D  parameter  Set  4  in  Table  7.6,  let  us  determine  the  terminal  voltage  re¬ 
sponse  of  the  closed-loop  system  to  a  +1%  step  change  in  reference  voltage  of  generator 
#1  over  the  range  of  operating  conditions  C01  to  C95  considered  in  Figure  7.42. 

The  perturbations  in  the  generator  #  1  terminal  voltage  from  its  initial  steady-state  value  are 
shown  in  Figure  7.48.  For  each  of  the  Case  sets  in  Table  7.9,  e.g.  C01  -  C05,  C50  -  C60,  only 
the  maximum  feasible  lagging  and  the  maximum  leading  reactive  power  cases  are  plotted. 
We  observe  the  following. 

1 .  All  Cases  C01  to  C95  satisfy  the  terminal  voltage  settling-time  criterion.  As  intended, 
the  choice  of  Case  C17  as  the  base  case  results  in  a  satisfactory  set  of  responses.  The 


382 


Introduction  to  the  tuning  of  AVRs  Ch.  7 


overshoot  of  the  terminal  voltage  response  at  leading  power  factors  may  be  of  con¬ 
cern  when  one  unit  is  on-line. 

2.  In  Figure  7.46(a)  the  phase  of  the  extreme  Case  C21  (25  MW  25  Mvar  lag)  is  some 
20°  less  than  that  of  Case  Cl 7  at  a  gain  cross-over  frequency  of  ~1  rad/s.  Conse- 
quendy  the  phase  margin  for  Case  C21  is  likely  to  be  65+20  =  85° ,  a  value  which 
results  in  an  over-damped  response  -  as  is  evident  in  Figure  7.48(a).  The  converse 
argument  applies  to  Case  C20  (50  MW  20  Mvar  lead),  i.e.  the  resulting  step  response 
is  lightly  damped. 
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(a)  One  unit,  (b)  Two  units,  (c)  Three  units. 

Solid  lines:  Maximum  lagging  reactive  power  output. 
Dashed  lines:  Maximum  leading  reactive  power  output. 

Unit  real  power  output  is  50  MW  in  all  cases  except  for  C21- 
25,  C61-65  and  C92-95  when  it  is  25  MW. 

Cases  C76,  C80,  C81,  and  others  are  omitted  because  oper¬ 
ating  constraints  are  infringed  and  are  infeasible.  For  some 
other  cases  the  reactive  power  output  per  generator  is  re¬ 
duced,  e.g.  from  -10  to  -5  Mvar  for  Case  79. 

Case  Cl 7  is  adopted  as  the  Base  Case  and  is  shown  in  all 
three  sets  of  plots. 


Figure  7.48  Closed-loop  operation.  The  perturbations  are  shown  in  the  terminal  voltage 
of  generator  #1  due  to  a  step  change  in  reference  voltage  from  a  steady-state  value  of  1.0  pu 
to  1.01  pu  (1%)  for  the  feasible  operating  conditions.  Responses  lie  within  the  10%  of  the 
final  value  of  the  step  amplitude  in  less  than  5  s. 


The  lack  of  damping  at  leading  power  factors,  highlighted  in  Section  7.1 1 .2.3.1,  results  in  the 
excessive  over-shoot  of  the  terminal  voltage  responses  when  one  or  two  generators  are  on¬ 
line.  The  otherwise  satisfactory  small-signal  performance  of  the  three-generator  power  sys¬ 
tem  based  on  parameter  set  No.  4  for  PID  Type  2  compensation  (Table  7.6)  is  demonstrated 
in  Figure  7.48  for  N  and  N-l  conditions.  Studies  examining  the  provision  of  PSSs  for  the 
generators,  the  limiting  of  reactive  power  absorption  by  the  generators,  and  the  performance 
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of  the  system  for  major  disturbances  would  be  undertaken  in  practice,  but  are  beyond  the 
scope  of  this  chapter. 

7.12  Summary,  Chapter  7 

Suppliers  of  AVRs  and  excitation  systems  may  have  developed  tuning  techniques  which  are 
peculiar  to  the  structure  and  characteristics  of  their  equipment.  The  aim  of  this  chapter, 
however,  is  to  introduce  some  of  the  basic  concepts  in  the  tuning  of  AVRs  which  may  help 
others  understand  some  of  the  approaches  which  could  be  used  -  as  well  as  the  relevant  con¬ 
trol  system  theory  which  underpins  the  analysis.  The  analysis  of  the  various  approaches  to 
tuning  are  complemented  by  examples  to  demonstrate  the  design  procedure  and  the  perfor¬ 
mance  of  the  type  of  compensation  employed. 

The  concept  of  transient  gain,  which  is  the  effective  gain  of  the  excitation  system  over  a  se¬ 
lected  range  of  modal  frequencies,  forms  the  basis  for  the  various  types  of  compensation. 
Compensation  such  as  Transient  Gain  Reduction  (TGR)  fulfils  this  objective  when  high 
gain  excitation  systems  are  required,  however  the  steady-state  difference  between  the  de¬ 
sired  and  the  actual  terminal  voltage  following  a  disturbance  may  be  greater  than  that  spec¬ 
ified.  The  use  of  PI  compensation  provides  infinite  gain  at  zero  frequency  and  ensures  zero 
error  in  the  terminal  voltage  in  the  steady  state. 

The  application  of  rate  feedback  of  exciter  voltage  -  or  AVR  output  if  exciter  voltage  is  not 
accessible  for  measurement  -  is  also  studied. 


To  boost  the  speed  of  response  of  the  generator  field  voltage  following  the  occurrence  of  a 
disturbance,  for  example,  P1D  compensation  is  employed.  Assuming  a  general  form  of  P1D 
compensation  given  by 


Gc(s) 


+ 


s  p 


s£D  1 

l+sTD- 


l  +  Gstg  >  (C7-2)  repeated) 


three  types  are  analysed.  Type  1:  TD  —  0,  TG  —  0,  KG  —  1, 

Type  2A  or  B:  TD  >  0,  TG  =  0,  KG  >  0,  and  Type  3:  TD  >  0,  TG  >  0,  KG  >  0. 

To  determine  the  parameters  in  (7.2),  the  user  typically  specifies  the  desired  corner  frequen¬ 
cies  and  the  transient  and  high  frequency  gains  required.  Except  for  Type  2B  PIDs,  the  mod¬ 
al  frequencies  and  transient  gain  lie  in  a  modal  frequency  range  ro  j  to  a>2  -Type  2B  PID 
compensation  can  be  applied  to  cases  in  which  the  PID  is  required  to  contribute  phase  lead 
at  low  frequencies.  Such  circumstances  can  occur,  for  example,  when  the  generator  and  ex¬ 
citer  time  constants,  T' do  and  TE,  are  relatively  long. 


A  detailed  example  is  given  of  the  application  of  PID  type  2B  compensation  to  a  remote, 
three  generator  system  over  a  range  of  operating  conditions  when  one,  two  and  three  units 
are  in  operation.  A  comprehensive  set  of  studies  of  the  frequency  response  characteristics 
of  the  brushless-exciter-generator  system  for  one  or  more  machines  on-line  reveals  that  the 
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closed-loop  step  responses  of  terminal  voltage  are  likely  to  range  from  poorly  to  heavily 
damped.  An  emphasis  in  the  studies  has  been  to  determine  a  basis  for  the  evaluation  of  a 
suitable  set  of  PID  2B  parameters  to  satisfy  the  dynamic  performance  specifications  over  a 
wide  range  of  operating  conditions.  The  analysis  is  based  on  an  operating  condition  which 
is  chosen  that  ‘best’  represents  those  frequency  response  characteristics  over  the  set  of  op¬ 
erating  conditions. 

The  aim  of  new  technique  called  the  ‘phase  matching’,  explained  in  Appendix  7—1.5,  is  to 
improve  the  robustness  of  the  generator  controls  to  variations  in  the  gain  of  the  voltage  con¬ 
trol  loop.  The  studies  employing  this  technique  have  illustrated  the  importance  of  obtaining 
good  models  and  parameters  for  both  exciter  and  generator,  preferably  validated  by  test. 
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Appendix  7—1 

App.  7—1.1  Generator  and  exciter  parameters 

App.  7-1.1. 1  Parameters  for  the  6th  order  generator  and  a  simple  exciter 

Note.  These  models  are  only  used  in  the  application  of  all  types  of  compensation  except  that 
in  Section  7.8  and  7.11  for  Type  2B  PIDs. 

Generator  model:  6^  order,  classical.  Saturation  ignored.  Values  in  pu  on  machine  MVA 
base  (the  MVA  base  is  stated  in  the  application).  (These  parameters  are  the  same  as  those 
used  for  generator  TPS_4  in  Table  10.23  on  page  527).  System  frequency  is  50  Hz. 

D  =  0,  H=  2.6  s,  ra  =  0,  xd  =  2.3,  xq  =  1.7,  x'd  =  0.30, 

T'd0=  5.0  s,  X[  =  0.2,  *,'  =  0.40,  Tq0' =  2.0  s,  x"q=0.25,  T"q0=  0.25  s, 

xd"  =  0-25,  Td0"=  0.03  s. 

Exciter:  Simple  linear  first-order  lag  model:  KE  =1.0  pu,  TE  =  0.1  s. 

App.  7-1. 1.2  Parameters  for  the  5th  order  salient-pole  generator  and  a  brushless  A  C 
exciter 

Note.  These  models  are  only  used  in  Section  7.8  and  7.11  for  the  application  of  the  analysis 
of  Type  2B  PIDs. 

Generator  model:  5th  order,  salient-pole  generator;  saturation  is  included.  All  values  are  in 
per  unit  on  machine  rating  (58.8  MVA)  unless  otherwise  stated.  System  frequency  is  50  Hz. 

D  =  0,  H—  5.5  s,  ra  =  0,  x.d  —  1.5,  xq  —  0.7,  x'd  =  0.22, 

T'd0  =  8.0  s,  x,  =0.10,  x"q  =0.16,  T"q0  =  0.12  s,  x"d  =0.16,  T"d0  =  0.04  s, 

5/1.0)  =0.15,  5/1.2)  =0.45. 

The  exciter  is  an  AC  generator  with  a  rotating  rectifier  and  is  represented  by  an  AC8B  Ex¬ 
citation  System  Model  [12]  and  is  shown  in  Figure  7.49.  Its  parameters  are: 

Ke=  1.0  Te  =  0.7  s,  Kce  =  0.1,  KDE  =  1.25,  KAE  =  1.75,  TA  =  0. 
The  terminal  voltage  transducer  is  represented  by  a  first-order  lag  block,  Ttrn  =  20  ms. 

App.  7-1.2  Models  of  the  brushless  AC  exciter 

The  model  of  the  brushless  AC  exciter  is  shown  in  Figure  7.49. 
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Figure  7.49  The  brushless  AC  exciter  is  based  on  the  AC8B  Excitation  System  Model  [12] 
The  rectifier  regulation  modes  are  expressed  by  the  three  equations: 


fex  Jn) 


(1.0-0.577/M 


0.75-/' 


N 


1.732(1.0 -/M 


1N<  0.433 

0.433  <1N<  0.75  • 
0.15  <IN<  1.0 


The  AVR  comprises  the  Type  2B  PID  ( TG  =  0)  in  which  the  gain  KG  may  represent  power 
amplification.  The  gain  KAE,  included  in  the  exciter  model,  is  a  factor  which  accounts  for  the 
per  unitization  of  exciter  and  generator  quantities. 


Figure  7.50  Small-signal  model  of  the  AC8B  Excitation  System  Model 
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The  parameters  in  the  model  are  defined  as  follows: 


Kex 


-0.577 


7W0<  0.433 


1m 


0.75  -r 


N  0 


-1.732 


,  0.433  <  IN0  <  0.75 


0.75  <IN0<  1.0 


KIV  = 


ECE  '  ^FDo' 


4 


,  and  Klp  = 


K. 


CE 


V 


E  0 


The  gain  K$  is  related  to  the  saturation  function  of  the  exciter  and  is  dependent  on  the  initial 
steady-state  value  of  the  field  voltage  Veo  .  It  is  given  by  the  following  expression: 

dSE(V£) 


Ks=SJVeo)  + 


VE0  X 


dV„ 


rE=W 


Saturation  in  the  exciter  is  assumed  to  be  negligible  under  steady-state  operating  conditions 
and  thus  Ks  =  0. 

As  an  example,  the  values  of  the  parameters  of  the  linearized  exciter  model  for  cases  Cl 6  - 
C20  are  provided  in  Table  7.10.  The  parameters  of  the  exciter  model  are  listed  in 
Appendix  7— 1.1.2. 


Table  7.10  Parameters  of  the  small-signal  model  of  the  exciter 


Case 

efo 

Kif 

KIV 

VE0 

C16 

2.16 

0.044 

0.041 

2.26 

C17 

1.92 

0.049 

0.046 

2.03 

C18 

1.61 

0.059 

0.056 

1.70 

C19 

1.37 

0.069 

0.065 

1.45 

C20 

1.20 

0.079 

0.075 

1.27 

kex~~ 0.577,  Fexo- 

0.945,  K 

s  =  o 

App.  7-1.3  PI  Compensation  using  positive  feedback 

A  simple  positive  feedback  implementation  can  be  employed  for  PI  Compensation.  The  di¬ 
agram  of  the  associated  control  blocks  is  shown  in  Figure  7.51. 
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Figure  7.51  PI  Compensator 


The  transfer  function  of  the  system  from  x  to  y,  i.e.  excluding  the  gain  KG  ,  is: 


Gx(s) 


1  +  sT~> 


s(sTlT2+  T\  +  T2) 

(1  +sT2) 


T2s{\+sTxy 


for  T 2  »  T j 


(7.50) 


where,  for  the  approximation  T1  »  ,  the  low  and  high  frequency  corners  are  1  /  77,  and 

1  /Ty  rad/ s,  respectively.  These  corners  should  be  respectively  about  a  decade  or  more  be¬ 
low  and  above  the  extremes  of  the  range  of  frequencies  of  rotor  oscillations. 


Equation  (7.50)  can  be  rearranged  into  the  following  form  representative  of  the  PI  structure: 


GjW 


t1  +  t2 
1  1  + 


.1  + 


T]  +  T. 


1  +s[(TlT2)/(Tl  +  T2)] 


T2  s  I+sTj’ 


for  T->  »  Tj 


For  the  compensator  G^s)  the  effective  integrator  gain  is  «  1  /T2  and  the  proportional  gain 
is  «  1  over  the  range  of  rotor  frequencies.  The  respective  gains  of  the  compensator 
KfjG^s)  become  &KG/T~,  and»/fG  if  KG^  1. 


A  plot  of  frequency  responses  of  Gj(s)  is  shown  in  Figure  7.52  for  a  range  of  values  of  T2. 
As  explained  below,  the  value  of  T j  is  such  that  the  phase  angle  approaches  zero  degrees  in 
the  mid-range  of  rotor  frequencies,  e.g.  4  rad/ s. 


390 


Introduction  to  the  tuning  of  AVRs 


Ch.  7 


Frequency  (rad/s) 


T2  =  l  T2  =2  -  T2  =3 


T2  =  4  -  T2  =  5 


Figure  7.52  Frequency  responses  of  the  PI  compensation  using  positive  feedback  for  val¬ 
ues  of  T2  from  1  to  5  s;  associated  values  of  7)  are  such  that  the  maximum  phase  angle  is  at 

4  rad/ s. 


For  design  of  the  parameters  of  the  PI  compensator  it  may  be  desirable  to  place  the  phase 
angle  characteristic  such  that  phase  is  close  to  zero  degrees  over  the  range  of  rotor  modal 
frequencies.  From  the  figure  we  note  that  we  can  choose  a  frequency  at  which  the  phase  an¬ 
gle  is  a  maximum.  This  frequency,  ro  ,  occurs  at  the  geometric  mean  of  the  corner  fre¬ 
quencies  of  the  exact  transfer  function  (7.50),  i.e. 


tt> 


mx 


1 

M  Tx 


(7.51) 


Thus,  given  74  and  co  ,  the  value  of  7)  can  be  derived  from  (7.51)  to  yield: 


Ti  =  V(^®L-  1)  *  1/(7>L)  for  T2  »  Tx . 


(7.52) 


Based  on  (7.50)  and  (7.51),  the  value  of  the  phase  characteristic  Gx(ja>j •)  when  ccy  =  a>mx  is 
ZGJ  =  atan[{omxr2]-90°-atan[((omxrIr2)/(r1  +  7’2)] 

=  -2atan[  JTx/{Tx  +  T2)] 


(7.53) 
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Figure  7.52  is  based  on  the  selection  co  =  4  rad/ s  with  T2  being  varied  from  1  to  5  s;  the 
corresponding  values  of  Tj  and  ZG|(/ay)  at  a>mx  are  calculated  from  (7.52)  and  (7.53),  re¬ 
spectively. 

App.  7-1.4  Integrator  Wind-up  Limiting 

Two  types  of  limiter,  anti-windup  1  and  windup,  are  encountered  in  excitation  system  mod¬ 
els.  Examples  of  these  types  are  shown  in  Figure  7.53  in  the  case  of  a  simple  integrator.  The 
upper  and  lower  limits  are  UL  and  EL,  respectively. 


time 


If  UL>y>LL  then  dy/dt  =  u 
If  y  >  UL  and  n  >  0  then  set  dy/dt  =  0 
If  y  <  LL  and  u  <  0  then  set  dy/dt  =  0 


If  UL  >  y  >  LL  then  w  =  y 
If  y  >  UL  then  w  =  UL 
If  y  <  LL  then  w  =  LL 


(a)  Integrator  with  anti-windup  limiting  (b)  Integrator  with  windup  limiting 


Figure  7.53  Integrator  with  (a)  anti-windup  limiting,  and  (b)  windup  limiting. 


The  operation  of  the  two  types  of  limiters  are  illustrated  in  principle  in  Figure  7.53,  (a)  and 
(b).  In  illustration  (b),  with  windup  limiting,  the  output  of  the  integrator  y(t)  continues  to 
increase  once  the  limit  UL  is  reached  but  starts  to  decrease  only  when  the  input  u(t)  changes 
sign.  Limiting  ceases  only  when  the  outputj'  falls  below  UL.  With  anti-windup  limiting, 
however,  it  ceases  limiting  as  soon  as  the  input  changes  sign.  The  advantage  of  anti-windup 
limiting  is  that  it  eliminates  the  time  delay  5  between  sign  reversal  and  wind-down  to  UL 
that  occurs  in  windup  limiting. 


Anti-windup  and  windup  limiting  occur  in  other  types  of  transfer  function  blocks  incorpo¬ 
rating  lead-lag  and  PI  compensation  for  example  (see  [7],  [12]). 


1.  Anti-windup  limiting  is  also  known  as  “non-windup”  limiting  ([7],  [12]). 
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App.  7-1.5  A  ‘phase-matching’  method  for  constant  phase  margin 
over  an  appropriate  frequency  range 

Consider  the  phase  responses  of  Vfrn{j(oj)/Vex^J(oj)  for  Case  C17  and  the  parameter  Set 
No.  2  for  PID  Type  2B  in  Table  7.6;  the  responses  are  shown  in  Figure  7.54. 


a,  Exciter-Gen:  V  /V 

trn  exf 

-  B,  AVR:  V  /V  PID  #2 

exf  ref 

Figure  7.54  Case  Cl  7:  Frequency  responses  of  the  phase  of  the  component  transfer  func¬ 
tions  of  the  open-loop  system.  The  phase  response  of  the  open-loop  transfer  function  with 

PID  Set  No.  2  is  shown  by  x-x-x. 

Let  a  (/ay)  and  P(/ccy)  (deg.)  be  the  phase  responses  of  the  generator-exciter  and  the  PID 

with  parameter  Set  No.  2,  respectively,  as  shown  in  Figure  7.54.  The  phase  of  the  open-loop 
transfer  function  is  a  +  (3  shown  by  x-x-x  in  the  figure.  Depending  on  the  location  of  the 
gain-crossover  in  the  range  0.7  -  2.5  rad/ s,  the  phase  margin  is  the  difference  between  the 
open-loop  phase  response  (a  +  (3)  and  -180°.  At  the  gain-crossover-frequency,  tty  =  coc, 
the  phase  margin  is 

PM  =  ac+pc-(-180°)  =  ac  +  pc+  180°  .  (7.54) 

At  low  frequencies  a  =  0°  and,  for  the  PID,  p  =  -90°.  Let 

p'  =  p  +  90°  (7.55) 

so  that  at  low  frequencies  both  P'  =  0°  and  a  =  0°  . 

Assume  the  desired  phase  margin  is  PMdes,  e.g.  65°.  The  required  values  of  P' ,  based  on 
(7.54)  and  (7.55),  are 

P  'des  =  PMdeS-*-W°  (7-56) 

(If  the  actual  value  of  P'  is  greater  than  the  desired  value  of  P/,  then  the  phase  margin  is 
greater  (i.e  more  stable)  than  the  desired  phase  margin  PMdes ;  and  vice-a-versa.) 
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Thus,  in  order  to  match  the  phase  margin  with  the  desired  phase  margin  it  is  necessary  to 
find  the  P1D  frequency  response,  P' ,  that  closely  matches  the  line  P'rf  over  the  potential 
range  of  gain-crossover-frequencies.  Let 

a'  =  -a  ,  thus  (7-57) 

P'e/es  =  PM</es  +  a'-9  °°-  (7-58) 

In  order  to  illustrate  a  design  procedure  based  on  (7.58)  let  us  consider  the  following  steps. 

1.  Given  a  selected  system  operating  condition,  choose  (i)  a  set  of  parameters  for  a 
Type  2B  P1D  as  in  Table  7.6,  (ii)  the  design  case  C17  for  the  generator-exciter  trans¬ 
fer  function  Vtrn(j(£>j)/VexXjo3j)  (see  Figure  7.42),  and  (iii)  set  PMdes  to  65° ,  say. 

2.  Plot  (i)  a',  the  negated  phase  angle  of  the  transfer  function  Vtrn{j(oj)/Vexj{j(oj)  for 
the  selected  operating  condition,  (ii)  P',  the  phase  angle  P  of  the  Type  2B  PID 
advanced  by  90°  ,  and  (iii)  the  line  showing  where  the  response  of  P'  must  lie  with 
respect  to  the  plot  of  a'  to  satisfy  the  Phase  Margin  requirement, 
P ' des  =  PMdes  +  a' -90°  =  a' -25°.  The  plots  of  a'  and  fi'des  =  a' -25°  is 
shown  by  ‘x  x  x’  in  Figure  7.55 

3.  Based  on  the  plot  in  Step  1  adjust  the  PID  parameters  systematically  so  that  the 
desired  phase  margin  is  satisfied,  i.e.  plots  of  P'  and  fi'des  match  closely  -  or  overlap 
-over  the  desired  frequency  range. 

4.  Check  that  the  resulting  PID  satisfies  the  system  performance  criteria  over  the  range 
of  operating  conditions  in  which  one  or  more  units  are  on-line. 

Let  us  consider  the  determination  of  the  PID  parameters  based  on  the  above  steps. 

For  Step  1  the  system  operating  condition  Case  Cl 7  and  a  set  of  parameters  have  already 
been  selected  for  the  analysis  associated  with  Figure  7.54.  The  parameters  are  those  in  Set 
No.  2,  Table  7.6,  KP  =  14  pu,  Kd  =  7.0  pu/ s,  KD  =  8.0  pu-s,  TD  =  0.143  s,  Kq  —  1.0.  Let  us 
base  our  analysis  in  this  step  on  this  set  of  PID  parameters  and  Case  Cl  7. 

The  plots  of  a'  and  P'  associated  with  the  transfer  function  Vtrn{j(oj)/Vexj(jG)j)  for  Case 
C17  and  the  PID  parameter  set,  respectively,  are  shown  in  Figure  7.55.  Also  shown  is  a  plot 
(x  x  x)  along  which  the  angle  P '  of  the  desired  PID  must  lie  in  order  for  the  open-loop  trans¬ 
fer  function  Vtrn/  Vrer  to  have  the  desired  phase  margin  (assuming  for  this  study  that  the 

gain-cross-over  frequency  for  the  resulting  open-loop  transfer  function  (OLTF)  lies  in  the 
range  0.7  to  2.5  rad/ s). 
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—  —  1  a',  Exciter-Gen  TF  V  /V  ,  Phase  Negated 

trn  exf 

-  p ,  PID  #2  with  phase  advanced  by  90  deg. 

-  (3 PID  #4  with  phase  advanced  by  90  deg. 

Figure  7.55  Plots  of  a'  for  exciter-generator  transfer  function  (TF)  for  Case  07,  and  P' 
of  the  phase-advanced  PID  TF  together  with  the  plot  of  =  a'  -  25°  (x  x  x)  which  rep¬ 

resents  the  desired  location  of  the  phase  plot  of  the  PID  TF. 

It  is  clear  from  Figure  7.55  that  PID  parameter  Set  No.  2  produces  excessive  phase  lead  and 
therefore  the  phase  margin  of  the  OLTF  is  greater  than  the  desired  value  PMjes  =65°.  Re¬ 
ferring  to  Table  7.6  or  Figure  7.25  it  is  seen  that,  by  increasing  the  values  of  the  corner  fre¬ 
quencies  to  [,  ro2  and  a>D  for  the  PID  sets,  the  plot  of  p'  in  Figure  7.55  approaches  the 
desired  phase  margin  plot.  For  PID  Set  No.  4  with  parameters  KP  =  14  pu,  Kj  =  14  pu/s, 
Kd  =  5.89  pu-s,  Td  =  0.105  s,  KG  =  1.0,  the  plot  of  P'  coincides  with  desired  phase  margin 
plot  for  gain-cross-over  frequencies  in  the  range  0.9  to  2.5  rad/ s. 

Based  on  the  PID  parameter  Sets  2  and  4,  the  composite  OLTF  for  Case  Cl 7  is  plotted  in 
Figure  7.56.  From  this  Bode  plot  it  is  observed  that  (i)  the  gain  cross-over  frequencies  for 
the  two  sets  are  1.5  and  1.3  rad/ s,  respectively,  (ii)  with  parameter  Set  4  the  phase  margin  is 
close  to  the  desired  value  of  65°.  The  phase  margin  variations  for  PID  Sets  2  and  4  for  a 
loop-gain  variation  of  ±6  dB  are  shown  in  Table  7.11. 


App.  7—1.5  A  ‘phase-matching’  method 
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Open-loop  TF  with  PID  #2,  PM=91  deg. 
Open-loop  TF  with  PID  #4,  PM=66  deg. 


Figure  7.56  Case  C17.  Bode  Plots  of  the  OLTF  comprising  Vtrn(ja>j)/Vre^J(aj) 

and  PID  Sets  2  or  4. 


Table  7.11  Case  C17.  Robustness:  Phase  Margin  variation  for 
loop-gain  change  of  ±6  dB 


Set 

Gain 

change  (dB) 

Phase  Margin  at 
frequency  of  ... 

Gain 

change  (dB) 

Phase  Margin  at 
frequency  of  ... 

PM  (deg) 

Frequency 
(rad/  s) 

PM  (deg) 

Frequency 
(rad/  s) 

2 

-6 

102 

0.54 

+6 

69 

3.0 

4 

-6 

70 

0.80 

+6 

64 

2.4 

Desired  phase  margin  is  65°. 

From  Figure  7.56  and  Table  7.11,  it  is  evident  that  the  phase  margin  variation  of  about  6° 
associated  with  PID  Set  No.  4  implies  it  is  robust  to  variation  in  the  loop  gain;  this  is  revealed 
by  the  relatively  small  changes  in  its  phase  in  the  figure.  In  Set  2,  however,  not  only  is  the 
phase  margin  variation  considerably  more  but  the  phase  margin  exceeds  the  desired  value  of 
65°  over  the  gain  variation  of  ±6  dB. 
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8.1  Introduction 

In  Chapter  5  a  speed-PSS  based  on  the  P-Vr  design  approach  is  described.  The  purpose  of 
this  chapter  is  to  describe  in  detail  the  theoretical  basis  for  some  of  the  widely  deployed  types 
of  PSSs  and  the  associated  practical  implications.  For  some  other  types  of  PSSs,  including 
the  multi-path,  multi-band  PSS  developed  by  Hydro-Quebec,  only  a  brief  overview  is  pro¬ 
vided.  Furthermore,  the  details  of  a  number  of  other  types  of  PSSs  and  their  development 
are  omitted  from  this  book,  for  example:  delta-omega  stabilizers  (without  and  with  torsional 
filters)  [1];  the  use  of  notch  filters  to  attenuate  the  first  torsional  mode  [2];  the  application 
of  the  coordinated  AVR/PSS,  called  the  “Desensitized  Four  Loops  Regulator”  [3], 

The  input  to  the  PSS  in  Chapter  5  is  assumed  to  be  the  ‘true’  rotor  speed  as  measured  di¬ 
rectly  by  a  high-fidelity  tacho-generator,  a  toothed  wheel,  or  some  other  device  mounted  on 
the  shaft  of  the  turbine-generator  unit.  In  practice  there  may  be  physical  difficulties  in  posi¬ 
tioning  any  such  device  on  the  shaft  as  well  as  locating  it  to  minimize  the  introduction  of  the 
torsional  modes  of  the  shaft  into  the  speed  signal.  Moreover,  other  difficulties  such  as  noise, 
lateral  shaft  movement  (runout  or  ‘wobble’  [4])  in  vertical  units,  may  present  themselves.  In 
this  chapter,  however,  synthesized  speed  perturbations,  which  are  assumed  to  accurately 
represent  the  true  rotor  speed  perturbations,  are  used  as  the  input  to  the  PSS.  This  means 
that  the  same  basis  and  procedure  as  that  outlined  in  Chapter  5  can  be  employed  for  the  de¬ 
sign  and  tuning  of  the  PSS. 
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The  major  factor  in  the  selection  of  a  stabilizing  signal  for  input  to  the  PSS  is  the  require¬ 
ment  that  the  modes  of  concern,  which  may  be  the  local-,  inter- area,  and  possibly  the  intra¬ 
station  modes,  must  be  observable  by  the  signal  over  a  wide  range  of  operating  conditions. 
Typically,  perturbations  in  rotor  speed,  the  electric  power  output,  and  the  frequency  at  the 
generator  terminals  are  the  commonly-used  local  signals. 

Various  types  of  pre-filters  are  in  use  which  convert  one  or  more  signals  derived  from  var¬ 
iable^)  other  than  speed  into  a  synthesized  speed  signal.  Such  variables  are  electric  power, 
bus-voltage  angle,  frequency,  terminal  voltage  and  current;  some  manufacturers  develop  a 
‘speed’  signal  from  such  variables  using  various  techniques.  Lack  of  fidelity  and  resolution 
of  the  synthesized  speed  signal  in  representing  the  ‘true’  rotor  speed  are  factors  that  result 
in  degradation  in  the  performance  of  the  PSS  when  the  design  is  implemented  in  practice. 
This  chapter  considers  the  design  of  the  pre-filters  which  synthesize  a  speed  signal,  and 
highlights  some  issues  which  may  be  detrimental  to  the  performance  of  the  resulting  pre¬ 
filter  and  speed-PSS. 

The  pre-filters  which  are  discussed  in  the  following  sections  employ  as  input  signals: 

•  the  electric  power  output  of  the  generator, 

•  frequency  (or  the  deviation  of  the  frequency  from  its  nominal  value)  at  the  generator 
terminals  [5],  and 

•  electric  power  and  a  ‘speed’  deviation  signal  in  the  widely-used  ‘integral-of-accelerat- 
ing-power’  pre-filter  [7],  [8],  [9], 

Some  of  the  practical  issues  concerning  different  types  of  PSSs,  field  testing  and  other  as¬ 
pects  are  covered  in  [10],  [11].  In  practice,  the  engineer  who  is  responsible  for  tuning  the 
PSS  does  not  often  have  the  ability  to  influence  the  selection  of  the  type  of  PSS.  This  chapter 
is  intended  to  provide  the  reader  with  approaches  to  tuning  PSSs  in  circumstances  where 
‘ideal’  performance  is  not  possible  because  the  most  appropriate  PSS  may  not  have  been 
specified  or  provided  for  the  application. 

PSS  analysis  and  design  procedures  are  based  on  linearized  models  for  which  the  inputs  are 
the  perturbations  of  the  above  signals  from  their  initial  steady-state  values. 

Frequency  is  also  derived  by  some  manufacturers  from  voltage  and  current  measurements 
at  the  generator  terminals.  The  analysis  in  this  chapter  concerns  only  that  derived  from  the 
rate  of  change  of  a  bus  voltage-angle. 

In  the  design  of  PSSs  attention  must  be  paid  to  reducing  the  effects  of  the  torsional  modes 
of  the  turbine -generator  unit  on  its  dynamic  performance  [5], 
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Though  the  following  concerns  the  small-signal  analysis  of  PSS  types,  it  should  be  borne  in 
mind  that  it  is  necessary  to  limit  the  input  to  the  PSS  such  that  limiting  occurs  ahead  of  lim¬ 
iting  at  its  output.  This  concept  also  applies  to  controllers  other  than  PSSs. 

Because  the  characteristics  of  washout  filters  may  affect  the  performance  of  the  pre-filter 
and  PSS  significantly,  the  time-  and  frequency-domain  responses  of  a  single  washout  filter 
and  of  two  identical  washouts  in  series  are  next  examined,  but  in  more  detail  than  earlier  in 
Chapter  5. 

8.2  Dynamic  characteristics  of  washout  filters 

8.2.1  Time-domain  responses 

In  Section  5. 8. 6.1  the  washout  filter  is  introduced  with  the  purpose  of  eliminating  any 
steady-state  offset,  or  DC  level,  in  the  input  signal  to  a  PSS.  In  this  section,  in  addition  to 
those  of  the  single  washout  filter,  the  dynamic  characteristics  of  two  identical  washout  filters 
in  series  are  examined  and  a  comparison  made  with  the  dynamic  performance  of  a  single 
washout. 


The  transfer  functions  of  one  and  two  washout  filters  having  a  washout  time  constant  of 
Tw  (seconds)  are,  respectively: 


G  i  pp(s) 


sT 


w 


1 +sTw’ 


and 


G2]y(s) 


'T2 

1  TA 


w 


(1  +sTw) 


(8.1) 

(8.2) 


In  analog  terms,  the  analysis  assumes  a  low  impedance  source  drives  the  filters  which  then 
feed  into  a  high  impedance  sink.  Expressions  for  the  time-domain  responses  of  each  of  the 
filters  to  a  step  input  of  A0  units  and  a  ramp  input  of  RQ  units/ s  are  shown  in  Table  8.1. 


Based  on  the  definition  of  settling  times  in  Section  2.8,  the  time-domain  response  of  the  sin¬ 
gle  washout  filter  to  a  step  input  decays  to  zero  with  a  2%  settling  time  of  47^  s.  However, 
for  a  ramp  input  the  response  of  the  single  filter  tends  to  a  finite  value  RqTw  -  also  with  a 
settling  time  47^  s.  Consequently,  for  a  PSS  having  electrical  power  as  the  stabilizing  signal, 
and  with  the  input  being  a  slow  ramp  in  electrical  power,  the  single  washout  filter  produces 
a  potentially  undesirable  offset  in  the  terminal  voltage  of  the  generator.  For  the  single  wash¬ 
out  filter  the  forms  of  the  step  and  ramp  responses  are  illustrated  in  Figure  8.1  for  washout 
time  constants  of  4  and  8  s. 
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Table  8.1  Analytical  expressions  for  responses  of  washout  filters  to 
step  and  ramp  inputs. 


Input  signal  at 
time  f (  0  +  ) 

Output  responses 

One  washout  filter 

Two  washout  filters  in  series 

Step,  Aq  units 

~tYTw 

Y\  ws  ~  Aoe 
(Yiws^°  as  t^00) 

-t/T 

Y2WS  =  A0e  (1  ~t/Tw) 

(  Y 2  WS  0  as  t  — >  oo ) 

Ramp,  Rq  units/ s 

YXWR  =  R t/TW) 
(Y\WR^RUTW  as  t-^00) 

~tYYW 

Y2WR  =  R0te 
(Y2WR— *0  as  t  — >  oo ) 

0  10  20  30  40  50 

Time  (s) 


-  Step  in  -  Tw=4  -  Tw=8  -  Ramp  in  -  Tw=4  -  Tw=8 

Figure  8.1  Responses  of  a  single  washout  filter  to  step  and  ramp  inputs  of  1  unit  and 
1  unit/ s,  respectively,  for  washout  time  constants  of  4  and  8  s. 


For  the  case  of  two  washout  filters  in  series  the  following  time-domain  characteristics  are  of 
interest. 

1 .  The  responses  of  two  identical  washout  filters  in  series  to  a  step  input  of  1  unit  are 
shown  in  Figure  8.2  for  values  of  the  washout  time  constant  of  4  and  8  s.  For  a  pos¬ 
itive  step  input  the  response  decays  from  the  initial  value  A0 ,  passes  through  zero  at 

-2 

time  Tw  s  and  under-shoots  by  a  value  -A0e  =  -0.1 35^4 0  at  2  Tw  s.  It  then  decays 
to  within  -0.02^40  of  zero  after  approximately  5.5  Tw  s. 


Sec.  8.2 


Dynamic  characteristics  of  washout  filters 


401 


-  Step  in  -  Tw=4  -  Tw=8 


Figure  8.2  Responses  of  two  identical  washout  filters  in  series  to  a  step  input  of  1  unit  for 
washout  time  constant  values  of  4  and  8  s. 

2.  For  a  positive  ramp  input  the  time  domain  response  reaches  a  maximum  value  of 
R^T^e  1  =  036%RqTw  at  time  Tw  s.  It  then  decays  to  zero.  Notice  that  the  maxi¬ 
mum  value  of  the  response  depends  on  the  ramp  rate  and  the  value  of  the  washout 
time  constant. 

The  responses  to  a  ramp  input  of  two  identical  washout  filters  in  series  is  of  particular  inter¬ 
est  in  the  discussion  of  the  ‘integral-of-accelerating-power’  PSS  considered  in  Section  8.5. 
Accordingly,  the  responses  of  two  such  filters  to  a  ramp  of  1  unit / s  are  shown  in  Figure  8.3 
for  a  range  of  values  of  the  washout  time  constant  from  1  to  10  s. 

In  Figures  8.1  to  8.3  the  time-domain  characteristics  listed  in  Table  8.1  are  clearly  illustrated. 

8.2.2  Frequency-domain  responses 

The  nature  of  the  frequency  response  of  a  single  washout  filter,  and  its  role  in  the  dynamic 
performance  of  speed-PSSs,  are  discussed  in  Section  5. 8. 6.1.  Because  the  application  of  two 
washouts  is  of  interest  in  this  chapter  the  frequency  response  of  two  identical  washouts  in 
series,  time  constant  Tw,  is  shown  in  Figure  8.4.  The  response  is  normalised  to  a  corner  fre¬ 
quency  of  1  rad/s  (i.e.  Tw  —  1  s).  For  example,  if  Tw—  5  s  the  associated  corner  frequency 
is  0.2  rad/ s,  the  magnitude  and  phase  of  the  response  at  say  0.02  rad/ s  (as  read  off  Figure  8.4 
at  0.02/0.2  =  0.1  rad/ s)  are  then -40  dB  and  169°  ,  respectively. 
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0  5  10  15 

Time  (s) 

Input  ramp 

Tw=l  -  Tw=2  -  Tw=3 

Tw=4  Tw=5 


0  20  40  60  80 

Time  (s) 

-  Input  ramp 

—  —  Tw=6  —  —  Tw=7  —  —  Tw=8 
_  _  Tw=9  Tw=10 


Figure  8.3  Responses  of  two  identical  washout  filters  in  series  to  a  ramp  input  of 
^0=l  unit/ s  as  the  washout  time  constant  Tw  is  varied  from  1  to  10  s. 
Time-frames:  (i)  0-15  s,  (ii)  0-80  s.  Solid  lines  Tw  1-5  s;  dashed  lines  7^6-10  s. 

Peak  occurs  at  Tws. 


-2-10  1  2 
10  10  10  10  10 

Frequency  (rad/s) 


Figure  8.4  Frequency  response  for  two  identical  washouts  filters  in  series  normalised  to 
a  corner  frequency  of  1  rad/ s.  (For  a  single  washout  filter,  halve  all  vertical-axis  quantities.) 
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8.2.3  Comparison  of  dynamic  performance  between  a  single  and  two  washout  fil¬ 
ters. 

Let  us  compare  the  features  of  a  single  washout  filter  with  two  identical  washouts  in  series. 

Consider  a  power  system  in  which  the  lowest  inter-area  modal  frequency  is  2  rad/ s.  For  the 
purpose  of  the  design  of  the  associated  PSS,  let  us  assume  that  if  a  single  washout  filter  is 
employed  the  corner  frequency  of  the  washout  would  be  0.2  rad / s,  say,  a  decade  below  the 
modal  frequency.  The  time  constant  of  the  single  filter  is  T1W~  5  s;  the  phase  lead  intro¬ 
duced  by  the  filter  at  the  modal  frequency  is  5.1°  .  To  introduce  the  same  phase  lead  at  the 
modal  frequency  for  two  identical  washouts  the  corner  frequency  of  each  should  be  0.1  rad/ 
s,  i.e.  T2w  =  10  s.  Based  on  these  assumptions  a  comparison  of  dynamic  performance  is 
summarized  in  Table  8.2. 

Table  8.2  Characteristics  of  a  single  washout  and  two  identical 
washout  filters  in  series 


One  washout  filter 

Two  washout  filters  in  series 

Corner  frequency, 

0.2  rad/ s, 

0.1  rad/ s, 

Tw 

5  s 

10  s 

Phase  lead  introduced  at  2 
rad/s 

5.1° 

5.1° 

Step  response  of  1  unit: 

Settling  time 

AT^y—  20  s 

-5.47V  =  54  s 

Under-shoot 

- 

-0.135T0  =  -0.135  at  2T^s 

Final  value 

0 

0 

Ramp  response  of  1  unit/ s: 

Settling  time 

ATW-  20  s 

By  calculation 

Peak  value 

Peak  is  the  final  value 

0.368tfo7V  =  3.68 

Final  value 

TWR  0  =  5 

0 

Some  observations  on  the  characteristics  of  the  washout  filters  of  Table  8.2  are  listed  below. 

1 .  A  reduction  in  time  constants  for  both  a  single  washout  and  two  washouts  in  series 
improves  their  dynamic  performance  through  lower  settling  times. 

2.  The  performance  of  the  single  washout  filter  in  Table  8.2  is  superior  to  that  of  two 
washouts,  except  that  the  ramp  response  of  the  single  washout  filter  tends  to  a  finite 
value.  As  mentioned  in  Section  8.2.1,  in  the  case  of  an  electrical  power  PSS  this  char¬ 
acteristic  can  produce  an  offset  in  generator  terminal  voltage  and  reactive  power 
output  when  a  ramp  in  electrical  power  output  occurs. 

3.  As  noted,  the  time-domain  performance  of  two  identical  washouts  in  series  can  be 
improved  by  reducing  the  time  constant.  However,  such  a  reduction  is  a  compro- 
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mise  with  the  increase  in  phase  lead  at  the  lower  modal  frequencies.  In  the  case  of  a 
reduction  in  the  time  constant,  say  from  10  s  to  5  s,  the  phase  lead  at  the  modal  fre¬ 
quency  of  2  rad/s  is  increased  from  5.1°  to  11.4°  .  If  desired,  the  increased  phase 
lead  so  introduced  by  the  two  washouts  can  be  compensated  for  in  the  tuning  of  the 
PSS  main  compensation  blocks. 

4.  If  the  inter-area  modes  are  not  of  concern,  the  washout  filter  time  constants  can 
likewise  be  determined  based  on  the  relatively  higher  frequency  of  the  local-area 
mode(s). 

8.3  Performance  of  a  PSS  with  electric  power  as  the  stabilizing  sig¬ 
nal. 

8.3.1  Transfer  function  and  parameters  of  the  electric  power  pre-filter. 

It  has  been  common  practice  to  use  electrical  power  perturbations  as  a  stabilizing  signal.  The 
analysis  and  implementation  of  the  associated  PSS  is  simplified  if  the  electrical  power  per¬ 
turbations  are  converted  to  speed  perturbations  by  means  of  a  pre-filter.  The  transfer  func¬ 
tion  of  this  pre-filter  is  now  discussed. 

The  equation  of  motion  of  the  rotor  of  a  synchronous  generator  for  small-signal  disturbanc¬ 
es  is  given  in  the  Laplace  domain  by, 

A P  -  A P e  =  2HsA(it  +  D Aco  ,  all  quantities  in  per  unit.  (8.3) 

This  equation  has  been  a  basis  for  analysis  in  Chapters  4  and  5.  In  (8.3)  A P m  and  A Pe  are 
the  perturbations  in  mechanical  and  electrical  torques  (or  powers),  respectively,  acting  on 
the  shaft;  Aco  is  the  perturbation  in  rotor  speed. 


If  we  assume  that  perturbations  in  mechanical  power  and  damping  torques  DAco  acting  on 
the  rotor  are  negligible,  then  (8.3)  reduces  to: 


Aco5 


"2  HsAPe’ 


(8.4) 


where  Aco^.  is  a  speed  signal  synthesized  from  electrical  power,  and  therefore  can  be  em¬ 
ployed  as  a  stabilizing  signal  as  long  as  the  assumptions  stated  above  are  justified.  The  struc¬ 
ture  of  the  PSS  becomes  that  shown  in  Figure  8.5.  (The  negative  sign  at  the  summing 
junction  for  AVS  reflects  the  inherent  negation  in  (8.4)). 


As  shown  in  the  figure  the  pseudo-integrator,  or  pre-filter,  used  in  a  practical  PSS  to  replace 
the  ideal  integrator  in  (8.4)  is  given  by  the  transfer  function: 


Th/{2H) 
1  +sT, 


A  P 


H 


(8.5) 
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Figure  8.5  Structure  of  the  PSS  with  electric  power  as  the  stabilizing  signal.  Note  the 
negative  sign  of  the  PSS  output  signal  AV$  at  the  summing  junction  to  the  AVR. 

So  that  transfer  function  of  the  low-pass  filter  Th/(1+sTh)  acts  as  an  integrator  1  / s  over 
the  range  of  modal  frequencies  it  is  required  that  its  corner  frequency  at  ttyc  =  1  /  T ^  rad / 

s  should  be  a  decade  or  more  below  the  lowest  (inter-area)  modal  frequency.  With  this 
choice  of  TH,  the  gain  of  the  filter  rolls  off  at  -20  dB/ decade  over  the  range  of  modal  fre¬ 
quencies  and  its  associated  phase  angle  is  approximately  -90  deg.  This  is  the  case  for  an  ideal 
integrator  (see  Section  2.12.1.2). 

For  example,  assume  the  lowest  (inter-area)  modal  frequency  is  2  rad/ s;  the  corner  frequen¬ 
cy  should  ideally  be  0.2  rad/ s  or  less.  For  a  values  of  TH  of  5.0  and  7.5  s  the  corner  frequen¬ 
cies  are  respectively  0.2  and  0.133  rad/s;  Table  8.3  shows  that  for  these  values  of  TH  the 
frequency  response  of  the  associated  pseudo-integrator  agrees  well  with  that  of  the  ideal  in¬ 
tegrator  at  and  above  2  rad/ s.  While  it  is  common  to  set  TH  -  Tw  a  higher  value  of  Th  (say 
T H  —  7.5  s  when  Tw  =  5  s)  is  sometimes  used  in  practice. 

Table  8.3  Responses  of  the  ideal  integrator  and  the  pseudo-integrator 

at  lower  frequencies. 


ey  rad/s 

Ideal:  s  =  — — 
JVf 

Th/(]  +sTh) 

tH=  5  S 

TH—  7.5  s 

1 

1.0Z-900 

0.9806Z-78.690 

0.9912Z-82.410 

2 

0.50Z-90° 

0.4975  Z-84.290 

0.4989  Z-86. 19° 

4 

0.25Z-900 

0.2497Z-87.140 

0.2499  Z-88.090 

Because  a  synthesized  speed  signal  is  derived  from  the  electrical  power  output  using  the  pre¬ 
filter  of  (8.5),  the  design  of  the  compensating  transfer  function  of  the  PSS  follows  the  pro¬ 
cedure  based  on  a  speed-stabilizing  signal  as  outlined  in  Section  5.10.6.  The  compensating 
transfer  function  is  the  same  as  for  the  speed  PSS  given  in  (5.49). 

The  rapid  attenuation  of  the  electric  power  signal  with  frequency  tty  is  noted  in  Table  8.3. 
A  feature  of  the  use  of  electric  power  perturbations  as  a  stabilizing  signal  is  that  the  torsional 
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oscillations  which  occur  on  the  shafts  of  generating  units  are  heavily  attenuated.  This  topic 
is  discussed  later  in  Section  8.5.3. 


Several  cautionary  comments  follow. 

1 .  The  electrical  power  output  of  the  generator  will  closely  follow  any  ramping  of  the 
mechanical  power  output  of  the  turbine.  Depending  on  the  ramp  rate  and  the  time 
constant  of  the  washout  filter(s),  there  may  be  a  significant  deviation  in  the  associ¬ 
ated  PSS  output.  As  a  result  of  this  signal  being  injected  into  the  excitation  system, 
there  could  be  unacceptable  variations  in  terminal  voltage  and  hence  in  the  reactive 
power  output  of  the  generator  [13].  This  problem  is  ameliorated  by  providing  an 
appropriate  pre-filter,  such  as  in  the  Delta-P-omega  stabilizer  [14],  or  employing  an 
‘integral-of-accelerating-power’  PSS,  to  be  discussed  in  Section  8.5. 

2.  Care  should  be  taken  to  ensure  that  negative  feedback  of  the  PSS  output  signal  is 
applied  at  the  AVR  summing  junction. 

3.  Prior  to  purchase  due  care  should  be  taken  to  ensure  that  the  power  input  PSS  pro¬ 
vides  for  the  synthesis  of  a  rotor-speed  signal  from  the  electrical-power  input. 

8.3.2  Dynamic  performance  of  a  speed-PSS  with  an  electric  power  pre-filter. 

A  PSS  designed  for  a  speed-stabilizing  signal  used  with  an  electric  power  pre-filter  forms  the 
basis  for  the  assessment  of  the  dynamic  performance  of  the  integrated  stabilizer.  Five  oper¬ 
ating  conditions  for  the  sixth-order  generator-SMIB  system,  shown  in  Table  5.6,  are  used  to 
illustrate  the  performance  of  the  PSS.  Its  performance  is  compared  to  that  of  the  PSS  which 
uses  “true”  rotor  speed  for  the  same  fives  cases. 


A  single  washout  filter  with  time  constant  of  5  s  is  selected  in  Section  5.10.6.2  for  the  five 
Cases.  The  associated  corner  frequency  of  0.2  rad / s  is  more  than  a  decade  below  the  single 
rotor  mode  of  oscillation  (~  9  rad / s)  1.  The  inertia  constant  of  the  unit  is  3  MWs/MVA.  As 
revealed  in  Table  8.3  a  suitable  time  constant  for  the  pseudo-integrator  is  7.5  s.  The  transfer 
function  for  the  electric  power  pre-filter  is  thus 


Th/{2H)  =  L2S 
1  +  sTh  1  +  7.5s  ' 


(8.6) 


A  comparison  of  the  modes  resulting  from  the  use  of  an  electric  power  pre-filter  that  syn¬ 
thesizes  a  rotor  speed  signal  with  those  produced  by  a  true  rotor  speed  PSS  is  shown  in 
Table  8.4.  Because  there  is  close  agreement  in  the  values  of  the  modes,  it  is  concluded  that 
the  pre-filter  accurately  synthesizes  rotor  speed  perturbation  with  the  caveat  that  slow  vari¬ 
ations  in  mechanical  power  may  cause  variations  in  the  reactive  output  of  the  generator. 


1.  The  corner  frequency  of  0.2  rad/ s  is  a  decade  below  any  potential  inter-area  modal  fre¬ 
quencies  of  2  rad/ s  if  the  SMIB  system  represents  a  generator  in  a  multi-machine  system. 
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Table  8.4  Comparison  of  modes  for  Speed  and  Electric  Power  PSSs* 


Case 

Generator 

Output, 

P,  Q  pu 

Rotor  mode 

with  PSS  out  of 

service 

true-speed  PSS 
in  service* 

Speed  PSS  with 
Electric  Power 
pre-filter 

A 

0.9, -0.1 

0.773  ±y9.16 

-  1.156  ±79.51 

-1.163  ±79.48 

B 

0.9,  0 

0.552  ±79.12 

-  1.271  ±79.31 

-  1.275  ±79.29 

C 

0.9,  0.2 

0.261  ±79.02 

-  1.338  ±79.03 

-  1.339  ±79.01 

D 

0.9,  0.4 

0.113  ±78.98 

-  1.305  ±78.93 

-  1.305  ±78.91 

G# 

0.9,  -0.07 

0.927  ± 77.98 

-  0.409  ± 78.04 

-  0.409  ± 78.02 

*  Results  for  the  true-speed  PSS  are  given  in  Table  5.4 

#  Two  lines  are  out  of  service  in  Case  G.  All  lines  are  in  service  in  Cases 

A-D. 

8.4  Performance  of  a  PSS  with  bus-frequency  as  the  stabilizing  sig¬ 
nal. 

The  frequency  of  the  generator  terminal  voltage  is  used  by  some  manufacturers  as  a  PSS  sta¬ 
bilizing  signal  on  the  basis  that  bus  frequency  closely  represents  rotor  speed  perturbations 
in  magnitude  and  phase.  The  following  analysis  applies  only  to  frequency  signal  derived 
from  the  voltage  angle.  The  frequency  ccyre?  is  the  rate  of  change  of  the  terminal-voltage 
angle,  a  (rad),  thus 

oey  =  (l/©0)(c/a/c/f)  pu  of  system  frequency;  (8.7) 


the  associated  transfer  function  is 


ro/re?(^)  =  (i/®0>a;  (8-8) 

where  ro0  =  2n f0  ,  /0  being  system  frequency  (Hz).  Once  again,  the  angular  perturbations 
are  converted  to  a  pseudo-speed  signal  by  means  of  pseudo-differentiation,  pseudo-differ¬ 
entiation  being  employed  to  limit  the  gain  and  noise  ampli  fication  at  high  frequencies  associat¬ 
ed  with  pure  differentiation  in  (8.7).  Moreover  the  torsional  modes,  if  present  in  the  terminal 
voltage,  are  amplified.  Equation  (8.8)  yields  the  transfer  function  of  the  bus-frequency  pre¬ 
filter: 


A°W^) 


(8.9) 


Aa(s)  '"V' (l  +  sTp)' 

The  time-constant  Tp  incorporates  the  phase-lag  inherent  in  the  measurement  of  the  bus- 
voltage  angle  or  bus-frequency.  It  is  thus  a  property  of  the  measurement  transducer  rather 
than  being  a  tunable  or  selectable  parameter. 


408 


Types  of  Power  System  Stabilizers 


Ch.  8 


In  order  that  the  transfer  function  s/(  1  +  sTF)  acts  as  a  differentiator  over  the  range  of 
modal  frequencies, 

1 .  its  low-frequency  response  should  (ideally)  pass  through  the  0  dB  axis  at  1  rad / s  and 
roll-up  at  20  dB/ decade  with  an  associated  phase  angle  of  90°  ; 

2.  its  corner  frequency  at  ttyc  =  1  / T F  rad/s  should  ideally  be  a  decade  or  more  above 

the  highest  modal  frequency  (typically  a  local- area  mode).  However  the  gain  intro¬ 
duced  by  the  transfer  function  at  higher  frequencies  may  be  destabilizing. 


Note  that  the  frequency  response  of  the  pre-filter  of  (8.9)  can  be  deduced  from  that  of  the 
single  washout  filter  in  Figure  8.4  by  rearranging  the  pre-filter  transfer  function  into  the 


form 


sT B 


-(!/©<,)- 


(l+.7» 

Although  the  pre-filter  transfer  function  of  (8.9)  synthesizes  a  speed  signal  from  the  deriv¬ 
ative  of  bus-angular  perturbations  (frequency),  the  question  arises  how  well  does  bus  fre¬ 
quency  represent  the  actual  rotor  speed  perturbations  in  magnitude  and  phase?  Let  us 
examine  the  performance  of  a  PSS  equipped  with  a  bus-frequency  stabilizing  signal. 


8.4.1  Dynamic  performance  of  a  speed-PSS  with  a  bus-frequency  pre-filter 

The  bus-frequency  pre-filter  delivers  a  synthesized  speed  signal  to  a  PSS  whose  design  is 
based  on  a  true  rotor-speed  stabilizing  signal.  This  so-called  bus-frequency  PSS  forms  the 
basis  for  the  assessment  of  the  dynamic  performance  of  the  integrated  PSS.  Once  again,  the 
five  Cases  for  the  sixth-order  generator-SMIB  system,  listed  in  Table  5.5,  are  used  to  inves¬ 
tigate  the  performance  of  the  pre-filter. 


The  pre-filter  is  assumed  to  be  of  the  form  given  in  (8.9);  its  parameters  are  determined  as 
follows. 


Assuming  the  upper  modal  frequency  is  10  rad / s,  ideally  the  corner  frequency  of  the  pre¬ 
filter  should  be  set  a  decade  higher,  at  100  rad/ s.  However,  due  to  the  higher  gains  intro¬ 
duced  at  higher  frequencies  the  choice  of  a  corner  frequency  of  75  rad/ s  may  be  considered 
to  be  a  suitable  compromise;  thus  Tp  —  0.0133  s.  Nominal  system  frequency  is  50  Hz, 
tt>0  =  100 rc  rad/s.  The  combined  transfer  function  of  the  pre-filter  and  the  speed-PSS  of 
(5.49),  is  thus 


ms) 


a  r/s) 

Aa  (s) 


-  [  l/(27t/0)]j  -i  s5  1  1+^0.0895  +  ^0.00277  ,g 

_(1  +.?0.0133)J  1  +.?5  '  3.84  '  (1  +.?0.005)(1  +^0.005)'  ^  j 


The  mode  shift  associated  with  both  the  original  speed-PSS  and  the  bus-frequency  PSS  of 
(8.10)  are  shown  in  Table  8.5;  the  damping  gain  is  20  pu  for  both  PSSs. 
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Table  8.5  Comparison  of  real  parts  of  mode  shifts  for  speed 
and  bus-frequency  PSSs,  damping  gains  20  pu. 


Case 

Gen. 

Out¬ 

put. 

P.Q 

pu 

Rotor  mode 

##  Excitation  system  mode  for 
bus-frequency  PSS  ## 

Rotor  mode  shifts,  PSSs 
in  service 

Ratio* 

PSSs  off 

true-speed 

PSS 

in  service 

bus-frequency 
PSS  in  service 

## 

true-speed 

PSS 

bus-frequency 

PSS 

c 

1/c 

A 

0.9, 

0.77  ± J9.2 

-  1.16  ±79.5 

-  0.46  ± 79.5 

-1.93  ±70.35 

-1.24±/0.30 

1.56 

0.64 

-0.1 

- 

- 

2.73  ± 780.0 

- 

- 

- 

B 

0.9, 

0.55  ±/9. 1 

-  1.27  ±79.3 

-  0.60  ± 79.3 

-  1.82  ±70.20 

-1.15±70.17 

1.59 

0.63 

0 

- 

- 

-  0.97  ± 780.9 

- 

- 

' 

' 

C 

0.9, 

0.26  ± y'9.0 

-  1.34  ±79.0 

-0.71  ±79.1 

-  1.60  ±70.02 

-0.97±70.03 

1.64 

0.61 

0.2 

- 

- 

-9.2  ±781.9 

- 

- 

" 

D 

0.9, 

0.11  ±79.0 

-  1.31  ±78.9 

-  0.73  ± 79.0 

-  1.42  +70.05 

-0.85  +70.01 

1.68 

0.60 

0.4 

- 

- 

-  17.7  ±782.0 

- 

_ 

r # 

0.9, 

0.93  ±78.0 

-0.41  ±78.0 

-0.24  ±78.1 

-  1.34  ±70.06 

— 1.17±70.14 

1.14 

0.88 

-0.07 

- 

- 

16.33776.4 

- 

- 

- 

- 

*  Ratio:  c=9?e  (true-speed  PSS  mode-shift)  /  'Re  (bus-frequency  PSS  mode-shift) 


Note:  Results  for  speed-PSS  for  a  SMIB  system  are  given  in  Table  5.5 
#  Two  lines  are  out  of  service  in  Case  G.  All  lines  are  in  service  in  Cases  A  -  D 
##  In  column  5  the  upper  and  lower  quantities  are  the  rotor  mode  and  an  excitation  system 
mode,  respectively 


From  the  table  the  following  is  observed: 

1 .  In  Cases  A  and  G  a  high-frequency  mode  associated  with  the  excitation  system  and 
q-axis  variables  is  unstable  as  the  generator  power  factor  becomes  leading. 

2.  The  real  parts  of  the  mode  shifts  for  the  bus-frequency  PSS  are  degraded  signifi- 
candy  (by  a  factor  of  1  /c)  with  respect  to  the  speed-PSS. 

3.  Therefore,  because  the  differences  in  the  imaginary  parts  of  the  two  sets  of  mode 
shifts  are  negligible,  there  appears  to  be  a  reduction  in  the  loop  gain  of  the  PSS- 
SMIB  system  when  employing  rate  of  change  of  angle  of  the  generator  terminal 
voltage  as  the  stabilizing-signal  source. 

Let  us  consider  these  observations  commencing  with  no.l  above. 
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8.4. 1. 1  Stability  of  the  closed-loop  system  for  Case  A 

Let  us  examine  the  open-loop  frequency  response  for  the  system  of  Case  A,  a  leading  power 
factor  condition,  listed  in  Table  8.5.  The  open-loop  transfer  function  is  AVS/  AVrej-,  where 

AVS  and  A Vrej-  are  the  output  of  the  PSS  and  the  AVR  reference  voltage,  respectively;  it 
includes  the  combined  transfer  function  of  the  pre-filter  and  the  speed-PSS  given  by  (8.10). 
A  block  diagram  of  the  transfer  function  of  the  open-loop  system  G(s)H(s)  is  shown  in 
Figure  8.6(a)  and  the  associated  frequency  responses  are  given  in  Figure  8.6  (b). 

As  the  open-loop  system  possesses  one  unstable  pole-pair  at  2.73  ±j 80.0  ,  the  stability  of  the 
closed-loop  system  can  be  determined  from  the  Nyquist  Criterion  based  on  the  open-loop 
system  -G(s)H(s)  l.  In  the  case  of  Figure  8.6(b)  (i)  it  can  be  shown  that  for  closed-loop  sta¬ 
bility  the  gain  at  high  frequencies  must  be  less  than  unity  (0  dB),  and  thus  must  be  attenuat¬ 
ed.  This  is  achieved  by  changing  the  two  time-constants  of  the  low-pass  filter  of  the  PSS  in 
(8.10)  from  0.005  to  0.01  s.  The  associated  response  of  the  open-loop  transfer  function 
shown  in  Figure  8.6  (b)-(ii)  results  in  a  stable  closed-loop  system  with  poles  at 
-0.433  +J9.15  and  -  12.0±y'40.1  for  the  rotor  and  exciter  modes,  respectively.  Further 
studies  are  required  to  mitigate  against  instability  for  higher  gains  at  high  frequencies  over 
the  range  of  operating  conditions. 

8.4.2  Degradation  in  damping  with  the  bus-frequency  pre-filter 

Based  on  Table  8.5  the  improvement  in  the  damping-constant  of  the  rotor  mode  due  to  the 
frequency-PSS  is  substantially  less  than  for  the  speed-PSS,  although  there  is  negligible 
change  in  the  modal  frequency  for  both  PSSs.  This  suggests  that  the  use  of  bus-frequency, 
derived  from  bus  voltage-angle,  results  in  a  reduction  in  the  loop-gain  in  the  path  through 
the  machine  and  PSS.  Consider  the  simple  system  shown  in  Figure  8.7.  The  voltages  and  an¬ 
gles  are  E  and  8  internal  to  the  generator  and  Vf  and  a  at  its  terminals;  the  voltage  at  the 
infinite  bus  is  VhZ0°.  The  generator  internal  reactance  is  x  and  that  of  the  equivalent  exter¬ 
nal  circuit  is  xe.  (One  might  speculate  that,  for  a  simple  system  such  as  this,  the  perturbations 
in  a  are  roughly  related  to  those  in  5  by  a  factor  xe/(xe  +  x)  -  if  the  angles  are  not  large.) 


1.  Because  the  PSS  output  is  not  negated  at  the  summing  junction  of  the  AVR,  the  conven¬ 
tional  open-loop  transfer  G(s)H(s)  must  be  negated  for  application  of  the  Nyquist  Cri¬ 


terion. 
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AVR,  excitation  system, 
generator,  &  power  system 


Pre-filter  & 
speed  PSS 


(a)  Open-loop  SMIB  system;  bus-voltage- 
angle,  bus-frequency  pre-filter  and  PSS 
in  feedback  path. 


Frequency  (rad/s) 

(i)  -  (ii) 


(b)  Open-loop  frequency  response 


Figure  8.6  (a)  Open-loop  system  AF^/AF^y.  (b)  Open-loop  frequency  response  for 

Case  A:  (i)  pre-filter  and  PSS  transfer  function  given  by  (8.10)  (the  unstable  mode  in  the 
open-loop  system  is  2.73±y'80.0).  (ii)  the  closed-loop  system  is  stable  with  modification  of 

the  parameters  of  the  low-pass  filter. 


EZ8 


VtZa 


vhzv 


( ^  J 

n^r\ 

00 

00 

Generator  Infinite  bus 

Figure  8.7  A  simple  SMIB  system 


It  can  be  shown  that  for  small  perturbations 


A8  =  1  + 


cosan 


Aa  where  *o  =  It)  ’  (f- 


(8.11) 


£0cos(5q  -  a0V 

Since  perturbations  in  both  rotor  speed  Ak>  and  bus  frequency  Ate y  are  related  to  A8 

and  Aa  by  equations  of  the  form  of  (8.7),  then 
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A®  =  1  + 
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c  •  Aro 


freq ' 


(8.12) 


kQ  cos(50 

The  coefficient  c  is  greater  than  unity  for  transmission  angles  a0<90°.  Because 
A  ay  <  Aco  the  PSS  loop-gain  is,  in  effect,  reduced  by  a  factor  of  1/c. 


As  an  example,  assume  for  a  pseudo  steady-state  condition  that  the  internal  voltage  E  is  the 
voltage  proportional  to  rotor  flux  linkages,  E' ,  and  the  reactance  x  is  the  transient  reactance 
x' d.  If  x'd  =  0.3,  xe  =  0.375  ,  then  for  V(  =  1.0, 

E'  =  1.036,  Vh  =  1.055,  50  =  33.8°,  a0  =  18.7°  ,  and 
k0  =  1.23  and  c  =  1.80. 

Thus,  using  bus  frequency  as  the  stabilizing  signal  rather  than  the  true  rotor  speed,  the  PSS 
loop-gain  is  inherently  reduced,  in  this  case  by  a  factor  of  1/c  =  0.56  .  (Note,  as  surmised 
above,  the  ratio  x  / (x£  +  x)  is  about  0.55  .) 

The  above  somewhat  simplistic  example  reveals  the  order  of  the  magnitude  of  the  reduction 
in  the  PSS  loop-gain  for  a  pseudo  steady-state  condition.  This  example  raises  the  question: 
what  is  the  effect  of  the  closed-loop  dynamics  and  a  more  accurate  generator  model  on  the 
gain  reduction? 

Consider  Case  B  of  Table  8.5  on  page  409  the  rotor  mode  is  -  0.60  ± y'9.30  when  the  bus- 
frequency  PSS  is  in  service.  Let  us  evaluate  the  frequency  responses  at  9.3  rad/ s  of  both  the 
true  rotor  speed  (Aco)  and  the  bus  frequency  A <i>freq  for  perturbations  in  reference  voltage. 

The  ratio  of  the  true  rotor  speed  to  the  bus  frequency  at  the  modal  frequency  is  1.57;  this 
ratio  agrees  well  with  the  value  of  c  =  1.59  in  the  table.  The  phase  difference  between  the 
true  and  synthesized  speeds  is  approximately  0°  when  the  phase  lag  introduced  by  the  cor¬ 
ner  1/7)?  in  the  pre-filter  (8.9)  is  accounted  for.  Thus,  for  practical  purposes,  the  true  speed 
and  the  synthesized  speeds  are  essentially  in  phase.  We  conclude  that  for  the  cases  analysed 
the  use  of  the  bus-angle  perturbations  as  the  input  signal  to  the  PSS  results  in  a  gain  reduc¬ 
tion  in  the  machine  -  PSS  loop.  Moreover,  there  is  a  significant  reduction  in  the  mode  shift 
for  the  single  rotor  mode.  Thus  in  the  multi-machine  context  at  the  lower  inter-area  frequen¬ 
cies,  in  which  the  generator  may  participate,  are  there  marked  reductions  in  loop  gain  -  and 
therefore  reductions  in  the  associated  mode  shifts  due  to  the  use  of  this  type  of  PSS? 

An  analysis  of  the  performance  of  the  PSS  over  the  range  of  normal  and  contingency  con¬ 
ditions,  such  as  that  in  Table  8.5,  suggests  that  the  effective  attenuation  in  gain  associated 
with  the  bus-frequency  PSS  is  roughly  xg/(xe  +  x).  As  in  Case  G  (Table  8.5)  when  the  ex¬ 
ternal  impedance  (jxe)  is  increased  the  attenuation  is  significantly  reduced.  Accordingly,  a  ju¬ 
dicious  increase  in  PSS  gain  is  required  in  order  to  provide  a  performance  similar  to  that  of 
a  speed-input  PSS  over  the  encompassing  range  of  operating  conditions. 
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Note:  In  the  event  of  significant  transients  that  lead  to  sudden  changes  in  bus-voltage  angle, 
e.g.  a  line  fault  followed  by  the  tripping  of  the  circuit,  the  synthesized  rotor  speed  derived 
from  the  bus-voltage  angle  will  not  necessarily  be  representative  of  the  true  rotor  speed  until 
the  resulting  large-amplitude  oscillations  have  markedly  decayed. 

8.5  Performance  of  the  “Integral-of-accelerating-power”  PSS 

8.5.1  Introduction 

A  third  category  of  the  PSS  models  listed  in  the  IEEE  Standard  [15]  is  the  integral-of-accel- 
erating-power  PSS  (LAP  PSS)  and  is  referred  to  in  the  Standard  as  PSS2B.  As  shown  in 
Figure  8.8,  the  IAP  PSS  consists  of  two  main  components,  a  pre-filter  which  develops  a  syn¬ 
thesized  speed  signal  Aco^  and  a  conventional  PSS  the  design  of  which  is  based  on  the  rotor- 
speed  stabilizing  signal  discussed  in  Chapter  5. 


Figure  8.8  Components  of  the  integral-of-accelerating-power  PSS 

The  inputs  to  the  pre-filter  are  ‘speed’  and  electric  power  signals,  Aa>;;j  and  A Pe .  The 
‘speed’  signal  may  be  derived  in  a  number  of  ways,  for  example  from 

•  frequency  of  the  generator  terminal  voltage; 

•  speed  of  the  rotor  measured  by  tacho-generator,  a  toothed  wheel  mounted  on  the 
shaft,  etc.; 

•  filtered  values  of  the  instantaneous  three-phase  voltages  and  currents,  and  processing 
of  these  signals. 

These  speed  signals  contain  not  only  the  inter-area  and  other  rotor  modes  but  also  the  tor¬ 
sional  modes  of  the  turbine-generator-exciter  unit.  In  order  that  the  latter  modes  are  not  ex¬ 
cited  by  the  PSS,  the  torsional  modes  must  be  significantly  attenuated;  this  is  one  of  the  roles 
of  the  IAP  pre-filter. 

If  the  mechanical  power  output  of  the  turbine  -  be  it  hydro,  gas  or  steam  -  is  changing,  the 
electric  power  output  of  the  generator  will  follow  it  closely,  particularly  as  the  mechanical 
power  changes  occur  relatively  slowly  under  normal  operating  conditions.  As  observed  in 
Section  8.3,  changing  the  mechanical  -  and  hence  electrical  -  power  input  to  the  PSS  can  per¬ 
turb  the  terminal  voltage  of  the  generator,  possibly  causing  undesirable  swings  in  its  reactive 
power  output.  Assuming  the  variation  in  mechanical  power  is  a  ramp,  the  pre-filter  incor- 
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porates  a  ‘ramp  tracking  filter’  which  tracks  a  ramp  ideally  with  zero  tracking  error  -  and 
thereby  offsets  the  ramp  in  the  electrical  power  input;  this  is  a  second  role  of  the  IAP  pre¬ 
filter. 

Let  us  consider  the  influence  of  the  torsional  modes,  the  ramping  of  mechanical  power,  and 
the  characteristics  of  the  ramp  tracking  filter. 

8.5.2  Torsional  modes  introduced  by  the  speed  stabilizing  signal 

A  generating  unit,  in  the  case  of  a  steam  turbine,  may  consist  of  high  pressure,  intermediate 
and  low-pressure  stages,  the  generator  and  an  exciter.  The  lumped  masses  are  connected  by 
shafts  whose  torsional  stiffness  is  finite.  As  is  illustrated  in  Chapter  9  for  a  linear  spring-mass 
system,  the  rotating  masses  similarly  exhibit  modal  frequencies  and  damping  dependent  on 
the  inertia  of  the  masses  and  the  stiffness  of  the  interconnecting  shafts  [5],  [12], 

Since  the  mechanical  stiffness  of  the  shaft  components  is  at  least  an  order  of  magnitude 
higher  than  the  effective  electro-mechanical  coupling  between  the  generator  and  the  power 
system,  the  entire  rotating  mass  of  the  mechanical  shaft  of  a  large  turbo-generator  is  more- 
or-less  uniformly  subject  to  the  power  system’s  inter-  and  local-area  modes  of  frequency  1.5 
to  15  rad/ s.  The  first  torsional  mode  for  large  steam  turbine  units  can  be  as  low  as  8  Hz  (50 
rad/ s)  [5],  [6],  Depending  on  the  mode  shape  of  the  particular  torsional  mode,  a  shaft-speed 
transducer  that  is  located  in  a  region  of  the  shaft  that  closely  corresponds  to  a  peak  of  the 
torsional  oscillations  (an  anti-node  of  the  mode  shape)  can  result  in  a  significant  component 
of  the  torsional  mode  in  the  speed  signal.  One  way  to  avoid  this  problem  is  to  locate  the 
speed  transducer  at  a  node  of  the  modal  shape  [5];  this,  however,  is  not  always  practical  since 
in  some  cases  the  node  may  lie  inside  a  turbine  stage. 

It  will  be  assumed  in  the  analysis  that  the  input  speed  signal  to  the  pre-filter,  A a>c{t) ,  com¬ 
prises  the  ‘true’  rotor  speed  component,  A (oin(t) ,  ‘corrupted’  by  the  first  and  higher  torsion¬ 
al  modes  (as  well  as  noise),  A i.e. 

Acoc(0  =  Aa>in(0  +  An,(f).  (8.13) 

8.5.3  The  electric  power  signal  supplied  to  the  pre-filter 

The  electric  power  signal  input  to  the  pre-filter  is  a  filtered  representation  of  the  instantane¬ 
ous  electric  power.  The  filtering  process  typically  introduces  a  very  small  phase  shift  over 
the  range  of  electro-mechanical  modal  frequencies  and  consequently  the  input  power  signal 
closely  follows  the  low  frequency  perturbations  in  power  associated  with  the  local-  and  in- 
ter-area  modes.  Furthermore,  as  mentioned  earlier,  if  the  mechanical  power  output  of  the 
turbine  is  ramped,  say,  in  the  relatively  slow  process  of  generation  despatch,  i.e.  changing 
power  output  from  one  level  to  another,  the  electrical  power  output  of  the  generator  will 
closely  follow  the  mechanical  power. 
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If  there  is  any  component  of  the  torsional  modes  in  the  electric  power  signal,  depending  on 
how  it  is  calculated,  the  component  -  being  of  significantly  higher  frequency  than  the  rotor 
mode  -  will  be  significandy  attenuated  by  the  integration  in  the  pre-filter. 


8.5.4  The  Ramp  Tacking  Filter  (RTF) 

The  RTF  is  a  low-pass  filter  of  the  form, 


F(s) 


l+sT8 

,(1+^9)MJ 


N 


,  where  rg  =  M  ■  Tg. 


(8.14) 


The  RTF  serves  a  number  of  purposes.  Firsdy,  it  tracks  a  ramp  signal  at  its  input  with  zero 
tracking  error.  Secondly,  it  significandy  attenuates  signals  at  frequencies  above  the  corner 
frequency  1  /Tg .  Thirdly,  as  will  be  demonstrated,  it  passes  the  low  frequency  perturbations 

associated  with  mechanical  power  changes  with  negligible  attenuation.  The  frequency  re¬ 
sponses  for  two  typical  sets  of  parameter  values  for  the  RTF  are  shown  in  Figure  8.9.  (It 
should  be  noted  that  the  tracking  feature  of  the  RTF  is  defeated  if  T%  deviates  markedly 

from  Fg  =  M  ■  Tg,  for  example  if  Fg  =  0). 


Frequency  (rad/s) 

_  M=5  -  M=4 


Figure  8.9  Frequency  responses  of  the  Ramp  Tracking  Filter  for 
N  =  1,  T9=  0.1,  Fg  =  M-  Tg,M=  5  or  M  =  4. 
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It  is  clear  from  the  plots  that  a  torsional  mode,  say  the  first  at  15  Hz  (—95  rad/ s),  is  attenu¬ 
ated  by  50  dB  or  more.  The  parameters  commonly  used  for  the  RTF  are  N  —  \,M—  5  and 
Tg  —  0.1.  The  value  of  the  time  constant  Tg  more-or-less  determines  the  corner  frequency  of 
the  RTF.  If  for  example,  the  variations  in  mechanical  power  output  are  slow,  and  the  tor¬ 
sional  modes  possess  low  frequency  components,  it  may  be  desirable  to  reduce  the  value  of 
Tg,  and/ or  set  N  =  2. 


While  the  RTF  tracks  a  ramp  input  signal  UR(t )  =  R0t  with  zero  tracking  error,  it  tracks  a 

2 

signal  which  is  the  integral  of  a  ramp,  i.e.  a  parabola  Up(t)  =  0.5 R0t  ,  with  a  constant  track¬ 
ing  error.  The  ramp-tracking  characteristics  of  the  filter  are  analysed  in  Appendix  8—1.2. 
from  which  it  can  be  shown  that  the  steady-state  tracking  error  to  a  parabolic  input  is  finite, 

i.e.  e,ss  =  IORqT^  =  0.17?0  when  T9  =  0.1  and  A  =  1,M=  5. 

8.6  Conceptual  explanation  of  the  action  of  the  pre-filter  in  the  IAP 
PSS 

We  will  consider  the  action  of  the  pre-filter  in  two  steps,  firstly  without  washout  filters  and 
then  considering  their  effects. 

8.6.1  Action  of  the  pre-filter,  no  washout  filters 

As  explained  in  Section  8.5.2  the  input  speed  signal  to  the  pre-filter,  Am c(t),  is  assumed  to 
comprise  the  ‘true’  rotor  speed  component,  Am jn(t),  ‘corrupted’  by  a  torsional  component 
and  high  frequency  noise,  AQ^(f),  i.e. 

Aa>c(t)  =  Acoin(t)  +  ATlf(t)  (8.13)  repeated. 

Similarly,  an  input  to  the  pre-filter  is  the  perturbation  in  the  electric  power  output  of  the  gen¬ 
erator  A P e(t) ,  which  closely  follows  the  ramping  of  mechanical  power  but  also  contains 
perturbations  in  the  associated  local  and  inter-area  modes. 

For  the  purpose  of  explaining  the  conceptual  basis  of  the  pre-filter,  let  us  assume  that  the 
basic  structure  of  the  pre-filter  is  that  shown  in  Figure  8.10  (omitting  the  washout  filters). 


Aav  =  A  a).  +  AQ 

L  in 


'O 


AP„ 


—  f- 
2  H! 


'I  » 

RTF 

) 

o 


-Am 


Figure  8.10  The  basic  structure  of  the  pre-filter 

In  general,  the  relationship  between  the  accelerating  power  (or  torque)  acting  on  the  shaft 
and  instantaneous  speed  is  given  by  the  shaft  equation  (4.64)  on  page  115. 
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APm(t)-APe(t)  =  2H^-Awin(t)  pu,  (8.15) 

where  A P„(t)  is  the  perturbation  in  mechanical  power  output  of  the  turbine  and  includes  a 
ramp  change  in  turbine  power.  Rearranging  (8.15)  and  integrating  the  resulting  expression, 
we  can  express  the  integral  of  the  electrical  power  signal,  IPE,  as: 

iPE  =  ±\A  Pg{t)dt  =  ±\APJt)dt-Avin{t).  (8.16) 

Each  term  in  (8.16)  has  the  dimensions  of  speed  (pu).  Consequently,  on  the  basis  of  (8.16), 
the  output  of  the  integration  of  the  electrical  power  signal,  IPE  =  ^-j-^AP e(t)dt ,  contains 

information  not  only  on  the  mechanical  power  ramp  and  perturbations  but  also  the  ‘ true ’ 
rotor  speed  Aro in(t).  As  mentioned,  if  any  torsional  modes,  which  typically  exceed  8  Hz  (50 
rad/ s),  are  present  in  the  electrical  power  signal  they  are  heavily  attenuated  through  the  in¬ 
tegrator  transfer  function  APe(s)/ (2 Hs),  i.e.  50  dB  at  50  rad/ s  for  H=3  MWs/MVA. 

Let  us  combine  the  signal  IPE  with  the  input  speed  signal  Aa>c(t)  of  (8.13),  as  shown  dia- 
grammatically  in  Figure  8. 1 1  (i) .  A  signal  IPM  results: 

IPM  =  IPE  +  Aa>c(t)  =  |  ^APm(t)dt-Amin(t)  j  +  {  Aujt)  +  Afi((t) } ,  (8.17) 

i.e.  IPM  =  ^\APm{t)dt  +  A«,(0  .  (8.18) 

Note  that  IPM  contains  only  the  perturbations  in  mechanical  power  and  the  torsional 
modes,  the  true  rotor  speed  signals  Aco .  (?)  in  (8.17)  having  been  cancelled  out;  this  cancella¬ 
tion  is  an  essential  feature  of  the  IAP  pre-filter. 

As  shown  in  Figure  8.1 1  (ii),  the  signal  IPM  is  passed  through  the  RTF.  By  judicious  selection 
of  the  parameters  of  the  RTF  it  will  attenuate  significantly  the  higher-frequency  torsional 
modes  and  track  the  integral  of  the  mechanical  power  ramp-changes  with  negligible  tracking 
error  .  An  analysis  of  these  features  of  the  RTF  are  given  in  Appendix  8—1.  The  output  of 

the  RTF  therefore  contains  the  integral  of  mechanical  power,  Vrtf=  ~^y[A Pm(t)dt 1  2,  the 

levels  of  the  torsional  modes  having  been  attenuated  significantly. 


1.  Strictly-speaking,  because  of  the  ideal  integrator  in  the  basic  pre-filter  structure  shown  in 
Figures  8.10  and  8.11,  the  tracking  error  of  the  RTF  to  a  ramp  in  mechanical  power  is 
non-zero.  As  explained  in  Section  8. 6.2.2  this  error  is  very  small,  and  is  zero  when  there 
are  one  or  more  washout  filters  ahead  of  the  integrator. 

2.  Note  that  the  slow  changes  in  the  integral  of  mechanical  power  are  not  attenuated  by  the 
RTF  (see  its  frequency  response  in  Figure  8.9). 
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A®c  =  Amin  + 
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Figure  8.11  The  action  of  the  pre-filter,  (i)  The  implementation  of  (8.13)  and  (8.16). 

(ii)  The  ramp  tracking  filter  attenuates  the  torsional  modes  AQf(f)  in  the  speed  input  and 

tracks  the  integral  of  the  mechanical  changes  with  negligible  steady-state  error. 

(iii)  The  signals  containing  the  integral  of  the  mechanical  changes  are  cancelled  out  at  the 

summing  junction  and  the  true  speed  signal  Aa>out  =  Aco(n  is  synthesized. 


Finally,  as  shown  in  Figure  8. 11  (iii),  the  negated  signal  IPE  is  combined  with  the  output  of 
the  RTF  at  the  summing  junction.  The  component  X|a Pm(t)dt  present  in  each  signal  is 
cancelled  out  resulting  in  the  output  of  the  pre-filter  being  the  required  ‘true’  rotor  speed, 
A «/„(*)  • 


To  compensate  for  a  difference  in  the  levels  of  the  speed  signal  in  the  speed-signal  path  from 
that  derived  from  electric  power  ,  the  gain  ks  is  provided  as  shown  in  Figure  8.12.  (For  ex¬ 
ample,  this  adjustment  may  be  required  if  an  attenuated  speed  signal  is  derived  from  bus  fre¬ 
quency,  see  Section  8.4.2).  Furthermore,  to  eliminate  any  steady-state  levels  in  the  electrical 
power  and  speed  inputs,  A Pg(t)  and  Aco c(t) ,  two  washout  filters  are  added  to  each  input; 
this  completes  the  block  diagram  of  the  IAP  pre-filter.  (The  effect  on  the  synthesized  speed 
signal  A®out,  say,  of  having  two  washouts  in  the  speed  input  and  one  in  the  electric  power 
input  path  is  discussed  briefly  in  the  later  Section  8. 6. 4.2.) 

We  know  that  the  RTF  follows  a  ramp  input  at  its  terminals  with  zero  steady-state  error  e^s 

between  its  input  and  output.  In  practice  there  are  washout  filters  and  an  integrator  between 
the  mechanical  ramp  input  and  the  input  to  the  RTF.  The  input  to  the  RTF  may  no  longer 
be  a  ramp,  how  does  this  affect  the  steady-state  error? 


1.  The  degradation  in  performance  of  the  PSS  in  such  a  case  is  illustrated  in  Figure  8.20(i). 
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Ideal  integrator 


Figure  8.12  Block  diagram  of  the  prefilter  for  the  IAP  PSS.  The  gain  ks  is  set  to  unity  in 

the  following  analysis. 

8.6.2  Effect  of  the  washout  filters  and  integrators  on  the  performance  of  the  pre¬ 
filter 

In  the  previous  section  the  conceptual  action  of  the  pre-filter  without  washout  filters  was 
analysed;  let  us  now  consider  their  effect  on  the  tracking  of  the  RTF  and  the  dynamic  per¬ 
formance  of  the  pre-filter. 

In  Section  8.2  the  dynamic  characteristics  of  one  or  two  washout  filters  are  analysed  in  their 
own  right.  However,  as  a  diversion,  let  us  (i)  assume  the  speed  and  torsional  signals  are  neg¬ 
ligible  and  (ii)  examine  the  steady-state  and  dynamic  performance  only  of  the  path  associated 
with  the  electric  power  input,  namely  the  washout  filters,  the  integrator  and  the  RTF.  This 
path  is  shown  in  Figure  8.13.  Note  that  a  fictitious  test  input  signal  U(s)  is  used  for  the  purposes 
of  this  analysis  and  is  a  step,  ramp,  parabolic  or  cubic  function  of  time  only.  We  will  also  con¬ 
sider  two  cases  when  the  integrator  in  the  pre-filter  is  represented  as  an  ideal  or  as  a  pseudo¬ 
integrator;  the  latter  is  referred  to  as  the  ‘practical’  integrator.  In  essence,  in  this  analysis  the 
performance  of  the  RTF  to  a  particular  set  of  characteristics  of  the  mechanical  power  output 
is  being  studied. 

It  has  been  emphasized  that  the  component  [1/ (2 H)\  ■  JA P m(f)dt  in  the  signal  IPM  should 

pass  through  the  RTF  with  zero  following  error  so  that  it  cancels  (ideally)  the  same  compo¬ 
nent  in  the  signal  1PE  when  the  mechanical  power  is  ramped.  Several  questions  arise.  Due 
to  the  action  of  the  washouts  and  the  integrator,  does  the  output  of  the  RTF  still  follow  its 
input  with  zero  steady-state  error  when  that  input  is  no  longer  a  ramp?  For  example,  con¬ 
sider  the  output  of  the  washout  filters  in  Figure  8.13.  Does  the  RTF  track  with  zero  error 

other  mechanical  power  inputs,  e.g.  at'  ,n>  1? 
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U(s) 


Ramp-tracking  filter 

Figure  8.13  Path  between  the  electric  power  input  and  the  RTF  output  for  a  test  input 
U(s)  which  replaces  the  electric  power  signal. 


Note  that,  because  the  blocks  in  the  path  of  Figure  8.13  represent  linear  elements,  the  prin¬ 
ciple  of  superposition  permits  the  performance  of  this  sub-system  to  be  analysed  inde¬ 
pendently  of  the  rest  of  the  pre-filter.  The  behaviour  of  this  sub-system  also  reflects  its 
behaviour  when  it  is  incorporated  in  the  complete  prefilter. 

8.6.2. 1  Dynamic  response  of  the  isolated  path  of  Figure  8.13  to  a  ramp  input 
Useful  insight  is  provided  by  examining  both  the  dynamic  and  steady-state  responses  at  the 
input  and  output  of  the  RTF  as  well  the  tracking  errors  for  a  ramp  in  mechanical  power.  We 
are  concerned  only  with  the  path  of  Figure  8.13. 

Let  us  now  demonstrate  the  nature  of  the  response  of  the  RTF  for  a  ramp  of  rate 
Rq  =  0.0075  pu/s  in  mechanical  power  output.  For  the  current  and  later  applications  the 
parameters  of  the  complete  pre-filter  of  Figure  8.12  are  given  below: 

•  Washout  filters:  T  ^  =  T  2  =  Tw3  =  Tw4  =  7.5  s,  assuming  the  lowest  (inter- area) 
modal  frequency  is  1.5  to  2  rad/s  (only  Tw3  and  Tw4  in  Figure  8.12  are  relevant  to  the 
signal  path  under  study); 

•  Integrator:  H=  3  MWs/MVA;  Pseudo-integrator  (as  derived  in  Section  8.3.1): 
Th=  7.5  s; 

•  RTF:  N  =  /,  M-  5,  T9  =  0.1  s,  T&  =  MTg  =  0.5  s.  (The  selection  of  7,  =  0.1  s  is 
mentioned  in  Section  8.5.4). 

It  is  shown  in  Figure  8.14  (a)  it  is  noted  that,  for  the  ideal  integrator,  the  output  of  the  RTF 
does  not  track  the  ramp  in  mechanical  power  but  tends  to  a  constant  value 

T^Rq/(2H)  =  0.0703  in  the  steady  state.  Furthermore,  the  output  of  the  RTF  Vrtif) 
tracks  its  input  U rtff)  with  negligible  error  which,  as  shown  in  Figure  8.14  (b),  tends  to  zero 
in  the  steady  state.  For  the  pseudo-integrator,  however,  it  is  observed  in  Figure  8.14(a)  that 
the  output  of  the  RTF  follows  the  ramp  in  mechanical  power  with  zero  following  error  in 
the  steady-state  (i.e.  after  some  50  s).  This  is  because  the  pseudo-integrator  ceases  to  act  as 
an  integrator  and  becomes  a  low  pass  filter  at  low  frequencies. 
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For  a  ramp  in  mechanical  power  it  is  also  noted  in  Figure  8.14  (a)  that  zero  tracking  error 
between  the  input  and  output  of  the  RTF  is  achieved  for  both  the  ideal  and  the  pseudo-  in¬ 
tegrator. 


-  RTF  In  x  X  RTF  Out  Ideal  Int . 

-  RTF  In  x  X  RTF  Out  Pseudo-Int . 

—  -  Mechanical  Power  Ramp 


-  Ideal  Int.  -  Pseudo-Int. 

(a)  (b) 


Figure  8.14  Responses  to  a  ramp  in  mechanical  power  for  ideal  and  pseudo-integrators 
with  two  washout  filters  in  the  isolated  path  of  Figure  8.13.  The  plots  show  (a)  the  input  and 
output  responses  of  the  RTF  Urty,  Vrtf,  and  (b)  that  the  error  across  the  RTF, 

UJtyVM) ,  in  the  responses  is  very  small  and  tends  to  zero  in  the  steady  state. 


(To  avoid  a  discontinuity  at  time  zero  in  Figure  8.14  (a)  and  (b),  the  initial  slope  of  the  me¬ 
chanical  power  output  is  varied  in  parabolic  fashion  from  zero  to  the  ramp  rate  of  0.0075 
pu/ s  at  1  s.) 

8. 6.2.2  The  steady-state  tracking  -  and  tracking  errors  -  of  the  RTF 

For  the  RTF  with  the  parameters  given  in  Figure  8.9  it  is  known  that  its  output  Vrtj  tracks 

a  ramp  change  at  its  input  Urtj-  with  zero  steady  state  error.  However,  for  a  parabolic  input 

to  the  RTF  its  output  tracks  the  input  with  a  constant  following  error  after  any  initial  tran¬ 
sients  have  decayed  away. 

Let  us  examine  the  behaviour  of  the  isolated  path  of  Figure  8.13  in  more  detail.  Firstly,  for 
the  sake  of  completeness,  it  is  of  interest  to  ascertain  the  performance  of  the  RTF  not  only 
for  the  four  types  of  mechanical  power  change  U(t) ,  but  also  the  effects  of  none,  one  and 
two  washout  filters  on  the  tracking  errors.  Secondly,  consideration  is  given  to  the  effects  of 
the  ideal  and  pseudo-integrators,  the  transfer  function  of  the  latter  being 
Th/[2H(\  +  sTh )] ,  (8.5).  Of  interest  are  not  only  the  steady-state  values  of  the  input  to  the 
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RTF  but  also  how  closely  the  output  of  the  RTF  tracks  the  input  to  the  RTF.  Consequently, 
in  Appendix  8—1.2  expressions  are  derived  which  analyse  the  nature  of  the  tracking  error  for 

power  changes  of  a  general  form  U(t )  =  ant  .  .  The  results  are  summarised  in  Table  8.6. 

The  upper  value  in  each  row  of  the  table  is  the  steady-state  input  to  the  RTF,  (not  the  power 
changes  at  the  input,  A  U(s)  ).  The  steady-state  input  is 

Urtj\ss  =  lira  Unp)  =  lim nsJJrtp) 1  2  • 

^ii.s  t— >oo  J  s  — >  0  J 

The  lower  value  is  the  steady-state  tracking  error  of  the  RTF,  i.e.  the  difference  between  the 
steady-state  input  to  the  RTF  and  its  output,  i.e.  e^ss  =  Urtj^^  -  Vrtj\ss  ■  Note  that: 

•  x  — >  oo  means  the  quantity  increases  indefinitely  with  time. 

•  When  the  both  the  mechanical  power  and  the  input  to  the  RTF  are  increasing  indefi¬ 
nitely  with  time  the  tracking  error  may  be  zero  or  finite  (e.g.  columns  5  to  8,  parabolic 
input). 

Although  the  tracking  error  is  zero  for  a  ramp  applied  directly  to  the  RTF  (column  1),  when 
a  ramp  is  applied  to  an  ideal  integrator  in  the  path  the  tracking  error  is  non-zero  (Table  8.6, 
ramp,  col.  4).  The  conceptual  discussion  in  Section  8.6  surrounding  Figure  8.11,  in  which 
there  is  an  ideal  integrator  in  the  path,  is  based  on  the  assumption  that  the  tracking  error  is 
zero.  Flowever,  it  can  be  shown  that  this  error  is  small  even  for  fast  ramps.  In  practice  of 
course,  there  are  one  or  more  washout  filters  in  the  power-signal  path  in  which  case  the 
tracking  error  of  the  RTF  is  zero. 

In  summary,  the  practical  case  is  the  replacement  of  the  ideal  integrator  by  the  pseudo-inte¬ 
grator  of  (8.5)  with  one  or  two  washout  filters  in  the  electric  power  input  path.  As  noted  in 
Table  8.6  -  and  analysed  in  Appendix  8—1.2  -  the  steady-state  tracking  errors  of  the  RTF  are 
zero  if  a  pseudo-integrator  is  employed  when  the  mechanical  power  input  is  a  step,  ramp,  or 
parabola. 


1.  The  expressions  are  for  the  input  to  the  RTF  and  the  tracking  error  between  RTF  input 
and  output.  For  the  ideal  integrator  these  are  (8.29)  and  (8.32),  respectively;  for  the 
pseudo-integrator  they  are  (8.33)  and(8.34). 

2.  Final  Value  Theorem.  See  Section  2.10. 


Table  8.6  Steady-state  input  to  the  RTF  Urtj- and  the  tracking  errors  following  changes  in  mechanical  power 


Type  of 
mechanical 
power  change 

(7(0,  t>0 

Input  to  RTF,  UrtA  ,  output  Vr(A  and  tracking  error  of  the  RTF,  e<ss  =  UrtA  -  Vr(A  as 

^  1 SS  Us  J  J  J  \ss 

t  — >  00  ,  for  mechanical  power  changes  U(t )  applied  to  the  path  in  Figure  8.13: 

Notes 

Input  to 
RTF 

Tracking 

error 

RTF 

only.( 

Ideal 

integrator 
&  RTF  (no 
washouts) 

Pseudo¬ 
integrator 
&  RTF  (no 
washouts) 

One 

washout, 

ideal 

integrator 
&  RTF 

One 

washout, 
pseudo¬ 
integrator 
&  RTF 

Two 

washouts, 

ideal 

integrator 
&  RTF 

Two 

washouts, 
pseudo¬ 
integrator 
&  RTF 

Kg  =  107^ , 

A()/  =  1/(2//) 

=  *7/(2#), 

Ku  =  TW/(2H), 

KlP  =  TwTh/(2H) 

K2i  =  TW/(2H) 

K2P  =  rwTH/(2H) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Step, 
n  —  0 

*0 

Urtf\ss 

efss 

*0 

0 

— »  00 

0 

O 

O 

O 

* 

*l/*0 

0 

0 

0 

0 

0 

0 

0 

Ramp, 
n—  1 

R0t 

Urtj\ss 

efss 

— »  00 

0 

— >  00 

koikgr  0 

— >  00 

0 

— »  00 

0 

K\PR  0 

0 

K2IR0 

0 

0 

0 

Parabola, 
n  —  2 

R0t2/ 2 

Urtj\ss 

efss 

— >  00 

rokg 

— >  00 

— >  00 

— »  00 

— >  00 

^u¥o 

— >  00 

0 

— »  00 

0 

k2Pr0 

0 

Cubic, 
n  —  3 

R0t3/ 6 

Urtj\ss 

efss 

— >  00 

— >  00 

— >  00 

— >  00 

— »  00 

— »  00 

— »  00 

— »  00 

— »  00 

— »  00 

Vg*0 

— >  00 

0 

RTF:  N—l,M—5;  Inertia  constant  H  (MWs/MVA);  Integrators:  Ideal  (1)  1/ (2 Hs),  Pseudo  (P)  Th/\2H(  1  +  sTH)\ 
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8.6.3  Dynamic  performance  of  the  complete  pre-filter 

The  SMIB  system,  Case  C,  described  in  Sections  5.10  and  5.11  will  be  used  to  investigate  the 
performance  of  the  pre-filter  using  the  parameters  provided  in  Section  8.6.2. 1.  In  Table  5.5 
the  input  to  the  PSS  is  rotor  speed;  the  rotor  mode  of  oscillation  is  —  1.34  ± y'9.03  .  Using  an 
IAP  PSS  with  the  pre-filter  parameters  of  Section  8.6.2. 1  together  with  the  SMIB  PSS  pa¬ 
rameters  (derived  in  Section  5.10.6),  the  value  of  the  rotor  mode  is  virtually  unchanged  at 
-  1.32  ±y  8.97. 

For  illustrative  purposes  the  following  three  disturbances  are  applied  to  the  generating  unit: 

•  A  ramp  increase  in  mechanical  power  input  is  0.45  pu  per  minute,  or  0.0075  pu/s, 
over  a  period  of  20  s.  (This  rate  is  exaggerated  to  highlight  certain  features  in  the 
responses.)  To  avoid  a  discontinuity  at  time  zero,  the  initial  slope  of  the  mechanical 
power  output  is  varied  in  parabolic  fashion  from  zero  to  the  ramp  rate  of  0.0075  pu/ s 
at  1  s. 

•  A  relatively  small  step  increase  of  5%  in  terminal  voltage  reference  at  4  s,  followed  by 
a  step  decrease  of  5%  at  12  s. 

•  An  exaggerated,  sustained  torsional  mode  of  12  Hz  (75.4  rad/s)  and  peak  amplitude 
0.25%,  commencing  at  12  s. 

The  simultaneous  application  of  an  increasing  ramp,  and  the  step  change  in  voltage,  should 
reveal  how  the  pre-filter  discriminates  between  the  changes  in  mechanical  power  input  and 
disassociated  electrical  power  perturbations,  oscillatory  in  nature,  resulting  from  the  change 
in  reference  voltage.  While  responses  to  small  changes  in  mechanical  power  at  the  ramp  rate 
specified  are  amenable  to  analysis  using  a  small-signal  model  of  the  SMIB,  the  change  in  me¬ 
chanical  power  of  0.45  pu  per  minute  over  a  period  of  20  s  is  not  small.  Although  it  is  in¬ 
consistent  to  mix  small-  and  large-signal  analyses,  the  important  issue  here  is  the  assessment 
the  performance  of  the  pre-filter  which  is  a  linear  element.  Moreover,  using  the  small-signal 
model  of  the  SMIB  system  provides  to  the  pre-filter  the  electric  power  and  rotor  speed  signals 
inputs  of  the  correct  relative  amplitudes  and  phase.  Again,  for  the  purposes  of  illustration,  the 
amplitude  of  the  sustained  torsional  mode  is  exaggerated  and  is  large,  being  of  the  same  or¬ 
der  of  amplitude  as  the  speed  perturbations  resulting  from  the  step  in  reference  voltage. 

In  Figure  8.15  the  variable  names  and  their  locations  in  the  pre-filter  are  defined  for  use  in 
subsequent  figures.  Variable  names  IPE  and  IPM  are  defined  earlier  in  (8.16)  and  (8.18)  re¬ 
spectively.  The  ‘true’  rotor  speed  at  the  input  is  Aco^ ;  AD.f  represents  the  torsional  modes 
present;  Aa>out  is  the  speed  output  of  the  pre-filter  (and  ideally  is  equal  to  the  ‘true’  speed 
input  Aco(n).  The  output  of  the  second  speed  washout  filter  is  A ti>w2  and  that  °f  the  second 
electric-power  washout  filter  is  A PW2  ;  A  Vrtf  is  the  output  signal  of  the  RTF. 
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AQt 


A(0out 
=  A(ain 


Washout  filters,  WO#  Pseudo-Integrator  RTF:  Ramp- tracking  filter 

Figure  8.15  The  variable  names  and  their  locations  in  the  pre-filter  are  defined  for  use  in 

Figures  8.16  to  8.18. 


For  the  three  disturbances  the  responses  of  the  variables  in  the  pre-filter  are  shown  in  Fig¬ 
ures  8.16  to  8.18.  The  left-  and  right-hand  plots  in  each  figure  show  the  relevant  responses 
when  torsional  modes  are  absent  or  present,  respectively.  So  that  the  responses  to  the 
changes  in  reference  voltage  are  clearly  discernible,  the  damping  gain  of  the  PSS  in  Case  C, 
Section  5.10.6,  is  reduced  from  20  to  10  pu. 


From  Figure  8.16  the  following  are  noted: 

•  In  (a)-(i)  the  nature  and  timing  of  two  of  the  input  disturbances  are  shown. 

•  In  (a) - (ii)  the  decaying  oscillatory  responses  in  true  speed  Aa>;/;  due  to  the  step 
changes  in  reference  voltage  are  observed;  the  output  of  the  second  speed  washout  fil¬ 
ter  Aco  w2  (not  shown)  is  identical  for  practical  purposes. 

•  In  (a)-(ii),  as  predicted  by  (8.16),  the  output  of  the  pseudo-integrator  (IPE)  contains 
both  the  oscillatory  rotor  speed  component  and  a  component  associated  with  the 
ramp  in  mechanical  power.  Importantly,  it  is  observed  that  the  true  speed  component  is 
eliminated  from  the  signal  1PM  which  is  input  to  the  RTF. 

•  However,  in  (b)-(i)  the  signal  1PM  at  the  input  to  the  RTF  contains  a  component  associ¬ 
ated  with  the  ramp  in  mechanical  power  as  well  as  the  torsional  mode,  .  As  men¬ 
tioned,  the  true  speed  component  seen  in  IPE  is  absent  from  1PM. 

In  (b)-(ii)  is  shown  Ao)c,  the  torsional  mode  modulated  by  the  true  speed  component. 


Units  of  speed  (%)  Mech. Power,  Ref. Voltage  (pu) 
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Consider  Figure  8.17  in  which  are  shown  the  responses  of  internal  and  external  variables. 


-  I  PM 

—  —  Aco. 


(a) 


-  Aco 

out 

-  AQ 


Figure  8.17 


AV 

aq 


rtf 


(a)  Torsional  mode  absent 
(i)  Responses  of  internal  variables  IPM  & 
A  Vrtf  ’  input  Aco -n  &  output  Aa>out 


(b)  Torsional  mode  present 
(i)  Responses  of  internal  variables  IPM  & 


AV, 


rtf 


(ii)  Responses:  terminal  voltage  AV t  and  reactive  power  AQ 
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In  Figure  8.17  it  is  observed  that: 

•  in  (a)-(i)  the  output  of  the  RTF,  A  Vrtp  follows  the  mechanical  power  component 
related  to  the  input  signal  to  the  RTF,  IPM,  with  zero  tracking  error, 

•  in  (a)-(i)  the  speed  output  signal  Aco0((r  from  the  pre-filter  is  identical  to  the  ‘true’  speed 
input  signal  Aco  ■  ;  the  associated  rotor  mode  is  clearly  evident  in  the  terminal  voltage 
and  reactive  power  responses  in  (a)-(ii). 

•  in  (b)-(i)  the  torsional  mode  present  at  the  input  to  the  RTF,  IPM,  is  not  evident  in  the 
heavily  attenuated  output  of  the  RTF,  A  V rtj  . 

In  considering  Figure  8.17(a)-(ii),  it  should  be  remembered  that,  as  the  electrical  power  out¬ 
put  increases  while  following  the  mechanical  power  ramp,  the  reactive  output  of  the  gener¬ 
ator  will  also  ramp  in  order  to  supply  the  additional  FX losses.  Moreover,  from  the  figure  it 
is  noted  that  there  is  also  a  step  increase/ decrease  in  reactive  power  output  associated  with 
the  step  changes  in  terminal  voltage;  this  is  superimposed  on  the  reactive  power  ramp.  In 
Figure  8.17 (b)  - (ii)  there  is  no  evidence  of  the  heavily  attenuated  torsional  mode  in  terminal 
voltage  and  reactive  power  responses. 

The  output  of  the  second  washout  filter  in  the  electrical  power  signal  path  A PW2  is  dis¬ 
played  in  Figure  8.1 8  (a)  -  (ii) ,  together  with  the  output  of  the  pseudo-integrator  (IFF).  The  ef¬ 
fect  of  the  mechanical  ramp  change  can  be  observed  in  both  signals. 

The  responses  of  the  speed  output  signal  from  the  pre-filter  Aro0((f  and  associated  response 
of  the  PSS  A  V/)ss  are  seen  in  Figure  8.18  (a)  -  (ii) .  Note  that  there  is  negligible  off-set  in  both 
these  signals  from  their  zero  values.  Therefore,  as  a  consequence,  the  offset  in  the  output  of 
the  pseudo-integrator  ( IPE)  due  the  ramping  of  mechanical  power  will  not  be  manifested  as  an 
offset  either  in  the  PSS  output,  the  terminal  voltage,  nor  in  the  reactive  power  output  of  the  unit. 
When  the  torsional  mode  is  present,  due  to  amplification  by  the  PSS,  there  is  evidence  of 
the  attenuated  torsional  mode  in  the  PSS  output  in  the  expanded  display  of  Figure  8.1 8(b)- 
(ii).  Bear  in  mind,  however,  the  amplitude  of  the  torsional  mode,  seen  in  Figure  8.18 (b) - (i) , 
and  the  ramp  rate  of  mechanical  power  have  been  exaggerated  for  illustrative  purposes. 

Figures  8.16  to  8.18  confirm  that,  due  to  the  action  of  a  properly  designed  pre-filter,  the  ef¬ 
fects  of  neither  the  ramping  of  the  mechanical  power  output  of  the  turbine,  nor  of  torsional 
oscillations,  are  manifested  in  the  output  of  the  PSS.  Furthermore,  the  swinging  of  terminal 
voltage  and  reactive  power  output  due  to  ramping  of  power  is  not  observed. 


Sec.  8.6 


Action  of  the  pre-filter  in  the  IAP  PSS 


429 


r-A  A  A  / 

lllllll  0  ip  lip 

^  X". 

\-/V: 

Aco 

out 

A(0.n  (i) 

12  13  14  15 


Figure  8.18 


(a)  Torsional  mode  absent 
(i)  Responses:  Washout  A PW2  and  IPE 


(b)  Torsional  mode  present 
(i)  Inputs:  Acb;;j  &  Aa>£. 
Output:  A(Ogut 


(ii)  Outputs:  A(0out  &  AVpss 


8.6.4  Potential  causes  of  degradation  in  performance  of  the  pre-filter  of  the  IAP 

PSS 

Degradation  in  the  performance  of  the  pre-filter  may  be  attributable  to  a  number  of  causes. 
Several  of  these  are  now  examined. 

8. 6. 4. 1  Effects  of  non-ideal  pre-processing  the  speed  input  signal  to  the  pre-filter. 

Any  pre-processing  of  the  speed  input  signal  may  result  in  incomplete  cancellation  of  the 
speed  signal  at  the  input  to  the  RTF;  complete  cancellation  is  seen  as  an  essential  feature  of 
the  pre-filter. 
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In  Section  8.5.1  it  is  pointed  out  that  the  speed  signal  may  be  derived  from  a  number  of 
sources,  including  the  true  rotor  speed  which  itself  may  be  subject  to  some  form  of  process¬ 
ing  prior  to  injection  to  the  pre-filter  of  the  PSS.  In  the  case  of  a  ‘speed’  signal  derived  from 
bus-frequency  the  signal  may  be  subject  to  attenuation  as  established  in  Section  8.4.2  For 
illustrative  purposes  it  will  now  be  assumed  that  the  true  rotor  speed  signal  Aro;/)  is  pro¬ 
cessed  through  a  first-order  pre-processing  filter  prior  to  input  to  the  PSS  pre-filter. 


Let  the  transfer  function  G^(s)  of  the  speed  pre-processing  filter  of  the  true  rotor  speed 
signal  be 

Ga(s)  =  (A(oA/Acoin)  =  A/(1+sTa).  (8.19) 

With  this  transfer  function  the  effects  of  attenuation  -  or  gain  -  and  phase  shift  on  the  output 
speed  signal  of  the  PSS  pre-filter,  A(b5(=  Aa>out)  are  to  be  analysed.  The  output  of  the 
speed  pre-processing  filter  is  Aro^ ,  A  and  TA  are  the  gain  and  time  constant.  The  relevant 
elements  of  the  PSS  pre-filter  which  includes  the  speed  pre-processing  filter  are  shown  in 
Figure  8.19.  Perturbations  in  mechanical  power  output  and  the  torsional  mode  are  assumed 
to  be  absent;  according  to  (8.4)  the  true  rotor  speed  is 


-Aro.  =  -A— A P  . 
n,  2  Hs  e 


(8.20) 
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Figure  8.19  Signals  in  the  IAP  pre-filter  assuming  non-ideal  pre-processing  of  the 
speed  input  signal  through  a  transfer  function  GA(s)  (A P m  —  0). 


Based  on  (8.19)  and  Figure  8.19  it  can  be  shown  that  the  output  of  the  pre-filter  is: 

~(A-\)-sTa 


Aro 


out 


1  +sTa 


RTF(s)  +  1 


Aro; 


(8.21) 


Clearly,  at  low  frequencies  Aro0i(,  —>A Aa>jn  and  at  high  frequencies  AroQ((,  — >  A a>jn  .  Over 
the  frequency  range  typically  of  interest  the  responses,  or  distortion  factors  (Acoou(/ Aro;;)) 
in  the  true  speed,  are  shown  in  Figure  8.20  for  a  range  of  values  of  A  and  time  constants  TA. 
The  parameters  of  the  RTF  of  (8.14)  are  N  =  1,  M  =  5  and  T9  =  0.1  s. 
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Figure  8.20  Distortion  factors,  A(oout/ Aco. 
speed  input  signal  to  the  pre-filter.  Values 


Frequency  (rad/s) 


-  A=1 . 2  -  A=1 . 1  -  A=1 . 0 

-  A=0 . 9  —  —  A=0 . 8 

(ii)  A,  Ta= 0.05  s 

,  due  non-ideal  pre-processing  of  the  true 
A:  0.8  to  1.2;  (i)  TA  =  0,  (ii)  TA  =  0.05  s. 


Of  concern  in  the  figure  are  the  effects  of  the  amplitude  and  the  phase  shift  on  the  pre-pro¬ 
cessed  speed  signal  Aro^  over  the  range  of  frequencies  of  the  rotor  modes,  1.5  to  15  rad/s, 
and  their  deviation  from  the  ideal  response  of  1  Z0°  .  Although  the  range  of  values  of  A  and 
TA  employed  in  Figure  8.20  may  be  considered  somewhat  extreme,  the  results  imply  that  ap¬ 
propriate  care  is  required  in  the  pre-processing  of  the  speed  input  signal  to  the  pre-filter. 
These  results  show  that  depending  on  how  the  speed-input  signal  to  the  pre-filter  is  derived 
in  practice,  significant  distortion  in  both  gain  and  phase  of  the  synthesised  speed  signal  can 
occur. 


Various  methods  can  be  employed  for  calculating  the  electric  power.  Any  pre-processing  fil¬ 
ters  which  are  employed  in  the  electric  power  input  signals  paths  may  also  result  in  incom¬ 
plete  cancellation  of  the  speed  signal  at  the  input  to  the  RTF.  This  would  likewise  result  in 
distortion  of  the  speed  output  of  the  PSS  pre-filter.  The  effects  of  any  pre-processing  of  in¬ 
put  signals  to  the  PSS  pre-filter  should  therefore  be  examined  to  assess  if  they  degrade  the 
performance  of  the  PSS. 
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Consider  the  case  of  a  bus-frequency  stabilizing  input,  the  associated  pseudo-speed  signal 
co \f  being  derived  from  the  rate  of  change  of  terminal  voltage  angle  as  in  (8.9).  The  deg¬ 
radation  in  the  amplitude  of  this  signal  is  discussed  in  Section  8.4.2.  The  effect  of  such  deg¬ 
radation  on  the  output  of  prefilter  Aa>0((/  is  illustrated  in  Figure  8.20(i).  Not  only  is  the 
amplitude  of  Aa>oi(,  modified  but  also  is  its  phase-  which  could  introduce  an  additional 
phase  lag  in  the  PSS  over  the  modal  frequency  range  of  interest. 

8. 6. 4. 2  One  or  two  washout  filters  in  the  electrical-power  and  speed  paths? 

Recall  that  a  washout  filter  is  introduced  with  the  purpose  of  eliminating  any  steady-state 
offsets,  or  DC  levels,  in  the  input  signal,  as  well  as  blocking  very  slow  changes  in  the  input. 
It  is  thus  necessary  to  include  at  least  one  washout  filter  in  each  path  of  the  pre-filter. 

The  effect  on  the  response  of  the  RTF  of  one  or  two  washout  filters  in  the  electrical-power 
path  has  been  examined  in  Section  8.6.2.  The  performance  requirements  for  the  pre-filter 
may  thus  determine  the  number  of  washout  filters  in  this  path. 

What  are  the  effects  of  choosing  a  different  number  of  washout  filters  in  the  speed  and  elec¬ 
tric  power  paths?  The  following  requirements  must  be  satisfied: 

•  When  considering  the  presence  of  the  local-  and  inter-area  modes  in  each  of  the  two 
signal  paths,  the  frequency  response  of  both  one  or  two  washout  filters  should  be  ide¬ 
ally,  or  close  to,  1Z0°  over  the  range  of  modal  frequencies.  This  requirement  dictates 
the  value  of  the  washout  time  constant,  Tw 

•  The  frequency  response  of  a  pseudo-integrator  in  the  electrical-power  path  should  be 
ideally,  or  close  to,  [l/(2//ay)]  Z-90°  over  the  range  of  modal  frequencies.  This 
requirement  determines  the  time  constant  of  the  pseudo-integrator. 

If  there  are  different  numbers  of  washout  filters  in  the  speed  and  power  paths  an  imprecise 
cancellation  of  the  true  rotor-speed  at  the  input  to  the  RTF  occurs  under  perturbed  condi¬ 
tions.  It  is  therefore  desirable  that  the  same  number  of  washouts  be  employed  in  both  input 
paths. 

8. 6. 4. 3  Effect  on  the  synthesized  speed  signal  of  setting  the  RTF  time  constant  Tgto  zero. 

As  in  earlier  sections,  the  SMIB  system  Case  C,  described  in  Section  5.10  will  be  used  to  in¬ 
vestigate  the  performance  of  the  pre-filter  when  the  time  constant  T8  is  set  to  zero. 

In  order  for  the  RTF  to  follow  a  ramp  with  zero  steady-state  error  a  requirement  is  that 
Tg  =  MTq  in  the  RTF  transfer  function  of  (8.14).  Setting  Tg  to  zero  turns  the  RTF  into  a 

simple  low-pass  filter  of  order  M  if  N  =  1 .  With  this  setting  and  for  a  ramp  in  mechanical 
power  the  output  of  the  RTF  follows  the  input  signal  IPM  with  non-zero  error.  In 
Figure  8.21 ,  and  comparing  it  with  Figure  8.1 8(a)-(ii),  this  error  is  seen  to  manifest  itself  not 
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only  in  the  synthesized  speed  signal  at  the  output  of  the  pre-filter,  but  also  in  the  PSS  output. 
Consequently  there  is  an  associated  undesirable  swing  of  the  generator  terminal  voltage  and 
reactive  power  output  during  ramping  of  the  mechanical  power. 


-  Am  -  Am  -  Av 

in  out  pss 

Figure  8.21  Deviation  in  the  synthesized  speed  output  (Aa>0i;r)  from  the  speed  input 
(AcoiM ),  and  the  consequent  effect  on  the  PSS  output  signal  (A  V ),  due  to  setting  T%  =  0 
in  the  RTF.  (Compare  these  responses  with  those  in  Figure  8.1 8(a)-(ii).) 

8.7  The  Multi-Band  Power  System  Stabilizer 

A  fourth  category  of  the  PSS  models  listed  in  the  IEEE  Standard  [1 5]  is  called  the  Multi- 
Band  PSS  (MB-PSS),  PSS4B,  which  was  first  developed  by  Hydro-Quebec  and  is  in  opera¬ 
tion  on  the  Hydro-Quebec  system  [16],  [17]. 

A  block  diagram  of  the  MB-PSS  structure  is  shown  in  Figure  8.22.  It  is  noted  that  this  PSS 
has  three  separate  tunable  paths,  unlike  the  integral-of-accelerating-power  PSS,  PSS2B  [15], 
which  only  has  a  single  such  path.  The  objective  of  the  MB-PSS  structure  is  to  isolate  and 
focus  the  PSS  tuning  in  three  frequency  bands  which  account  for  three  phenomena: 

•  0.05  -  0.2  Hz  (—0.3  -  1.2  rad/ s):  very  slow  oscillations  associated  with  the  common  or 
global  modes  on  a  system  ; 

•  0.2  -  1  Hz  (—1.2  -  6  rad/s):  low  frequency,  inter-area  modes  of  rotor  oscillation; 

•  1-4  Hz  (—6  -  25  rad/s):  higher  frequency,  local- area  and  intra-plant  modes  of  rotor 
oscillation. 


1.  Note  that  it  is  important  not  to  confuse  the  global  mode  with  low-frequency  modes 
sometimes  observed  with  hydro-turbines,  for  example.  The  latter  modes  may  be  associ¬ 
ated  with  governor  -  water  column  interactions  and  are  localized  phenomena  [19]. 
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Figure  8.22  Multi-Band  PSS.  SD:  Speed  Transducer.  (See  [16],  [17]  for  details). 


In  particular,  the  low  frequency  band  is  introduced  to  provide  damping  for  very  low  fre¬ 
quency  phenomena  encountered  on  isolated  systems  \  particularly  the  so-called  global 
mode  in  such  a  system.  It  is  stated  in  [17]  that  the  MB-PSS  and  the  integral-of- accelerating- 
power  PSS  “...  can  be  tuned  to  achieve  quite  similar  performance  in  the  local,  intra-unit  and 
torsional  modes  ...  since  they  both  use  an  electric  power  signal  to  capture  the  high  frequency 
dynamics.  However,  having  many  more  degrees  of  freedom  available  to  modulate  its  phase 
lead  over  a  wide  frequency  range  allows  the  MB-PSS  to  better  balance  its  performance  in 
inter-area  modes  from  0.1  to  0.8  Hz”  (0.6  to  5  rad/s). 

Low  frequency  oscillations  have  been  observed,  for  example  in  hydro-systems:  0.63  rad/ s 
between  the  Northwest  and  Southwest  power  systems  in  the  US  [18];  0.31  to  0.50  rad/ s  on 
the  Colombian  system  [19].  Oscillations  lying  in  the  intermediate  range,  associated  with  vor¬ 
tex  instability  in  hydro  machines,  are  reported  to  be  less  than  0.5  Hz  (3  rad/ s)  [20],  and  about 
1  Hz  (6  rad/s)  [21], 


The  speed  signal  Aro^,  input  to  the  high  frequency  band,  is  derived  from  the  measured  gen¬ 
erator  electrical  power  output.  A  separate  internal  frequency  transducer  supplies  a  speed  sig¬ 
nal  A cb L  I  to  the  low  and  intermediate  frequency  bands.  Washout  filters  are  provided  in  the 
intermediate  and  high  frequency  bands;  torsional  (notch)  filters  may  be  incorporated  in  the 
PSS  structure.  In  each  of  the  three  bands  is  a  differential  filter  arrangement;  it  is  of  interest 
to  understand  the  characteristics  of  such  a  filter.  An  analysis  of  a  simplified  form  of  the  filter, 
shown  in  Figure  8.23,  is  conducted  in  Appendix  8-1.3. 


1 .  Systems  may  be  isolated  because  there  are  no  synchronous  links  to  neighbouring  systems. 
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Figure  8.23  Filter  G(s) 


The  analysis  reveals  the  filter  takes  the  form  of  the  well-known  Q-filter, 

K2(2^/com)s 

G(s)  =  - , 

1  +  (2^/co  m)s  +  (s/coj2 


(8.22) 


where  com  rad/ s  is  the  frequency  at  which  the  frequency  response  is  at  its  maximum  value 
fy?.  The  frequency  response  of  (8.22)  with  variation  in  damping  ratio  E,  is  given  Figure  2.21 . 


It  is  of  interest  to  examine  the  nature  of  the  frequency  response  of  the  MB-PSS  omitting 
washout  filters,  speed  transducers,  and  torsional  (notch)  filters.  Let  the  gains  and  centre  fre¬ 
quencies  of  the  three  bands,  evaluated  in  Figure  5  of  [16]  be  Kl  =  5.0  pu,  FL  =  0.04  Hz; 
Kj  =  25.0  pu,  Fj  =  0.70  Hz;  KH  =  120  pu,  FH  =  8.0  Hz;  respectively.  The  frequency  re¬ 
sponses  of  three  bands  and  the  output  of  the  MB-PSS  are  shown  in  Figure  8.24;  they  agree 
closely  with  Figures  5  and  6  in  [16]. 

In  [17],  a  detailed  comparison  is  provided  on  a  test  system  between  the  designs  of  the  MB- 
PSS  (PSS4B)  and  the  integral-of-accelerating-power  PSS  (PSS2B).  For  the  MB-PSS  it  is 
found  that,  by  separating  out  the  low  frequency  and  the  higher  frequency  bands  (each  of 
which  have  their  own  limits  and  wash-out  filters),  the  lower-frequency  band  limits  and  wash¬ 
out  can  be  adjusted  independently  of  the  higher  frequency  bands  to  account  for  islanding 
and  large  frequency  deviations. 

Figure  8.24  reveals  that,  for  the  selected  parameter  values,  the  phase  response  varies  be¬ 
tween  35  and  60  degrees  leading.  That  is,  the  phase  response  is  relatively  level  over  the  range 
of  0.1  to  25  rad / s  (0.02  to  4  Hz)  in  this  case.  However,  the  MB-PSS  gain  varies  over  a  wide 
range.  Interestingly,  this  approach  contrasts  with  that  of  the  P-Vr  method  (Section  5.8.1)  in 
which  the  PSS  transfer  function  attempts  to  account  for  the  inherent  gain  and  phase  char¬ 
acteristic  of  the  particular  generator  -  on  which  the  PSS  is  installed  -  over  a  relevant  range 
of  modal  frequencies  (e.g.  see  Figure  5.16)  and  an  encompassing  set  of  operating  conditions. 
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Figure  8.24  Frequency  responses  of  the  MB-PSS  assuming  a  common  speed  signal  input 
to  the  three  differential  filters  in  Figure  8.22 


A  number  of  methods  for  the  tuning  the  MB-PSS  has  been  offered.  For  example,  the  pa¬ 
rameters  of  the  MB-PSS  are  selected  by  adjusting  the  centre  frequency  and  gain  of  each  band 
so  as  to  achieve  the  nearly  flat  phase  response  between  30  and  50  degrees  over  the  range  of 
frequencies,  say,  0.05  Hz  and  3  Hz  (0.3  to  20  rad/ s)  in  order  to  cover  the  global  and  intra¬ 
station  modes.  Other  approaches,  including  optimization  techniques,  are  proposed  in  [22], 
[23],  [24]  and  [25], 

8.8  Concluding  remarks 

In  Chapter  5  a  PSS  based  on  the  P-Vr  design  approach  is  described;  it  assumes  a  ‘true’  speed 
stabilizing  signal  is  available.  By  ‘true’  speed  is  implied  that  the  signal  faithfully  represents 
the  generator  speed  in  magnitude  and  phase,  torsional  oscillations  being  negligible.  In  this 
chapter  electric-power  and  bus-frequency  based  pre-filters  are  employed  to  yield  a  synthe¬ 
sized  speed  signal  for  input  to  a  P-Vr  based  speed-PSS.  A  similar  objective  applies  to  the  pre¬ 
filter  for  the  integral-of-accelerating-power  PSS  but  overcomes  some  of  the  disadvantages 
of  the  previous  two  pre-filters. 
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The  frequency  of  the  generator  terminal  voltage  is  used  as  a  PSS  stabilizing  signal  on  the  ba¬ 
sis  that  bus  frequency  closely  represents  rotor  speed  perturbations  in  magnitude  and  phase. 
Although  it  may  be  synthesized  from  terminal  voltages,  bus  frequency  is  assumed  to  be  de¬ 
rived  from  the  rate  of  change  of  bus  voltage-angle  a  ,  i.e.  Mfreq  =  (1  /a>0)(da/dt)  pu  of 

system  frequency.  Using  the  latter  signal  as  the  stabilizing  signal  for  a  ‘true’  speed-PSS  is 
shown  to  reduce  the  effective  damping  gain  of  the  PSS  (by  as  much  as  40%  in  the  cases  stud¬ 
ied).  However,  the  damping  gain  of  the  PSS  can  be  increased  to  compensate  for  the  gain 
reduction.  Because  differentiation  of  a  signal  occurs,  care  should  be  taken  to  provide  ade¬ 
quate  attenuation  at  high  frequencies  (i)  to  reduce  noise,  and  (ii)  to  eliminate  a  possible 
source  of  instability  -  as  is  demonstrated  in  an  example.  In  the  signal  processing  for  this  and 
other  forms  of  bus-frequency  transducers,  care  should  be  taken  to  avoid  the  introduction  of 
phase  shifts  which  may  degrade  the  design  of  the  PSS  unless  they  can  be  accounted  for.  The 
effect  on  bus  frequency  of  large,  sudden  disturbances  at  the  generator  terminals  should  be 
examined. 

The  performance  of  the  electric  power  PSS  is  shown  to  be  close  to  that  of  designed  for  the 
conventional  ‘true’  speed-PSS.  However,  in  comparison  with  a  ‘true’  speed  stabilizing  signal 
which  in  practice  may  contain  torsional  modes,  the  advantage  of  this  pre-filter  is  that  it  sig¬ 
nificantly  attenuates  these  modes  in  its  output  speed  signal.  However,  the  conventional  PSS 
has  the  disadvantage  that  ramping  of  the  mechanical  power  output  of  the  prime  mover  caus¬ 
es  variations  in  the  terminal  voltage  and  reactive  power  output  of  the  generator.  This  prob¬ 
lem  can  be  ameliorated  by  use  of  an  integral-of-accelerating-power  PSS. 

The  integral-of-accelerating-power  (LAP)  pre-filter  generates  the  speed  signal  for  a  PSS  de¬ 
signed  for  a  ‘true’  speed-stabilizing  signal  based  on  the  P-Vr  approach.  A  detailed  analysis 
of  the  pre-filter  for  the  IAP  PSS  is  conducted  and  demonstrates  the  role  and  effects  of  the 
ramp  tracking  filter  (RTF),  and  of  the  washout  filters  and  the  integrator  in  the  power  input 
path.  It  is  shown  that  the  RTF  itself  consists  of  a  unity  feedback  system  with  two  integra¬ 
tions  in  its  forward  path  and  therefore  it  tracks  a  ramp  input  at  its  input  with  zero  error  in 
the  steady  state.  However,  depending  on  the  number  of  washout  filters,  the  type  of  integra¬ 
tor,  and  the  characteristics  of  the  mechanical  power  output,  the  steady-state  tracking  errors 
may  be  finite  but  are  small.  Because  the  effective  operation  of  the  pre-filter  relies  on  the  can¬ 
cellation  of  the  speed  signal  at  the  output  of  the  integrator  by  the  input  speed  signal,  care 
must  be  taken  to  ensure  the  fidelity  -  in  amplitude  and  phase  -  of  the  speed  input  signal  to 
the  pre-filter.  If  the  latter  signal  lacks  fidelity  with  respect  to  the  ‘true’  speed,  the  perfor¬ 
mance  of  the  PSS  may  be  markedly  degraded. 

PSS2B  or  PSS4B? 

In  considering  the  application  of  the  multi-band  and  integral-of-accelerating-power  PSSs 
the  following  few  items  may  be  pertinent. 

In  comparison  to  the  integral-of-accelerating-power  PSS  (PSS2B)  the  feature  of  the  Multi- 
Band  PSS  (PSS4B)  is  its  ability  to  damp  low-frequency  and  common-mode  oscillations  [17]. 
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The  sensitivity  of  the  output  of  the  latter  PSS  to  ramping  of  mechanical  power  and  slow  sys¬ 
tem  frequency  drift  is  likely  to  be  low  because 

(i)  the  gain  in  the  low  frequency  band  is  relatively  low  (20-25%  of  the  high  frequency  gain), 

(ii)  the  corner  frequencies  of  the  washout  filters  in  the  intermediate  band  are  1  rad/ s, 

(iii)  the  high  frequency  speed  signal  transducer,  in  effect,  has  a  washout  corner  frequency  of 
about  1.2  rad/ s  (0.2  Hz) 

Consequendy,  variations  in  reactive  power  are  likely  to  be  small. 

For  large  steam  units  with  the  first  torsional  mode  being  about  8-10  Hz,  notch  filters  may 
be  required  for  the  PSS4B.  However,  in  the  case  of  an  integral-of-accelerating-power  PSS 
with  a  ramp  tracking  filter  having  the  characteristics  shown  in  Figure  8.9,  the  attenuation  of 
torsional  frequencies  at  8-10  Hz  (50-60  rad/s)  is  50  dB  or  more;  notch  filters  may  not  be 
needed. 

Thus,  in  generalizing,  it  is  necessary  to  consider  carefully  -  among  other  factors  -  the  system 
characteristics  as  well  of  those  of  the  generating  units  in  order  to  specify  the  system  damping 
performance  requirements  over  the  low  to  high  range  of  modal  frequencies.  Following  such 
an  investigation  it  may  then  be  possible  to  select  the  required  PSS  structure. 
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Appendix  8—1 

App.  8-1.1  Action  of  the  Ramp  Tracking  Filter  (RTF) 

It  is  noted  in  Section  2.10.2.2  that,  if  there  are  two  integrations  in  the  forward  path  of  the 
unity  feedback  system  shown  in  Figure  8.25,  the  tracking  error  [ R(s )  -  C(s)]  for  a  ramp  in¬ 
put  is  zero. 


Closed-loop  transfer  function: 


W(s) 


C(£) 

R(s) 


Gjs) 

1  +  G(s) 


Figure  8.25  Structure  of  a  closed-loop  control  system 


Let  us  assume  that  the  5th  order  forward-loop  transfer  function  of  this  unity  feedback  sys¬ 
tem  is: 

G(s)  =  (l+5rg)/[.v24(10+105r9  +  5/7^  +  ^34)].  (8.23) 

(Note  the  double  integration  in  G(s ) .)  The  closed-loop  transfer  function  is: 

RTF(s)  =  W(s)  =  (l+5r8)/[l+5rg+^24(10+10.?r9  +  5/l^  +  534)]. 

If  rg  =  5  T9  the  closed-loop  transfer  function  becomes: 

RTF(s)  =  (1  +s5r9)/(l  +  sT9)5.  (8.24) 

The  transfer  function  of  the  ramp-tracking  filter  postulated  in  (8.14)  is  of  the  form: 

RTF(s)  =  W(s)  =  [(1  +sTg)/(l  +sT9)M]N  .  (8.25) 


Comparing  the  last  two  equations,  we  note  that  they  are  identical  if  N  =  1 ,  M  =  5  and 
T8  =  MTg  =  5Tg  . 


Based  on  a  formal  method  of  analysis  a  general  result  for  the  open-loop  transfer  function  of 
(8.23)  with  N  =  1  and  M>  2  is  derived: 


G(s) 


1  +s(MTg) 


M 


c*r9)  x  s  y(*r9) 
k  =  2 


M\ , 
k' 


k-2 


(8.26) 


Thus,  provided  Tg  =  MTg ,  the  associated  RTF  has  two  integrations  in  the  forward  path  and 
consequently  the  RTF  will  track  a  ramp  input  with  zero  following  error  in  the  steady-state. 
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For  the  case  when  IV  >  1  there  are,  in  effect,  N  RTFs  in  cascade  each  satisfying  the  require¬ 
ment  Tg  =  MTg  .  An  analysis  similar  to  that  for  N  —  1  confirms  the  validity  of  the  latter  re¬ 
sult. 


Note  that  the  RTF  will  track,  with  a  finite  steady-state  error,  a  signal  which  is  the  integral  of 
1  2 

a  ramp,  i.e.  s  ) .  Flowever,  by  extending  the  analysis  of  (8.26)  it  is  a  simple  matter 

to  derive  the  following  transfer-function  of  a  Parabolic  Tracking  Filter  (PTF): 

1  +  (MTAs  +  (M(M-  l)/2  •  rq)s2 

PTF(s)  = - 2 - - - — ,  (8.27) 

(1  +STgf 


which  will  track  a  parabolic  input  P*t ,  as  well  as  a  ramp  input,  with  zero  steady-state  error. 


App.  8—1.2  Steady-state  conditions  at  the  input  and  output  of  the 
RTF  and  associated  tracking  errors  for  mechanical  power  input 

^*(0  =  «/ 

App.  8-1.2. 1  With  and  without  an  Ideal  Integrator 

The  mechanical  power  changes  of  interest  in  the  following  analysis  are:  (i)  a  step  of  magni- 

2 

tude  a0=  R0  (for  n  —  0);  (ii)  a  ramp  R0t ,  a^=  R0,  (n  =  1);  (iii)  a  parabola  0.5R0t  ,  a7=  Rq/2, 

3 

(n  =  2);  and  (iv)  a  cubic  (1/6 )R0t  ,  «3=  Rq/ 6 ,  (n  —  3).  Note  that  each  of  the  last  three 

functions  is  an  integral  of  the  previous  input  function.  Since  the  Laplace  transform  of  t"  is 

n\/ s'1  +  * ,  the  Laplace  transform  of  each  of  the  input  functions  is  simply  R0/s"  +  1 .  Let  us 
consider  the  alternatives  of  either  an  ideal  integrator  or  of  a  pseudo-integrator  being  em¬ 
ployed  in  the  integration  of  the  mechanical  power  signal. 


Let  us  assume  that  for  the  path  in  the  pre-filter  shown  in  Figure  8.13  consists  of  k  ideal  in¬ 
tegrators,  k  —  0, 1  and  m  washout  filters,  m  =  0,  1,  2;  assume  for  the  mechanical  power  input 

R0t"  ,  n  =  0,  1,  2,  3.  The  output  of  the  ideal  integrator,  i.e.  the  input  to  the  RTF,  is  then 


Urtfs) 


r  -i 

m 

\  1  1 

k 

Ld+^jJ 

2  Hs_ 

n  +  1 
S 

(f"R0)/(2H)k 


(8.28) 


Applying  the  Final  Value  Theorem  of  (2.27)  to  (8.28),  the  general  form  of  the  expression  for 
the  steady-state  input  to  the  RTF,  after  the  initial  transients  have  decayed  away,  is  found  to 
be 


Urtf\  =  li  ms(UrtJ(s)) 

J  \ss  S  — >  0 


(O?0)/(2//)* 

$(n  +  k-m) 


as  s  — »  0  . 


(8.29) 
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The  associated  output  of  the  RTF,  VrfXs) ,  is 


Vn/(s)  =  Urtj(s)  ■  RTF(s) ,  where  RTF(s) 


l+sTS 
.(1  +sT9)M] 


N 


((8.14)  repeated) 


To  ascertain  how  well  the  output  of  the  RTF  tracks  its  input,  let  IV  =  1  and  let  us  calculate 
the  tracking  error  EXs)  between  the  RTF’s  input  and  output: 

E/,s)  =  UrtJ(s)-VrtJ(s) 

=  Urtf(s)[  \  -  RTF(s)] 

G{s) 


=  Urtj(s) 
=  Urt/s) 


1  - 


1  +G(s)j 
1 


l_l  +  G4»J 

where  G(s)  is  given  by  (8.26).  As  t  —>  oo  ,  The  tracking  error  in  the  steady  state  becomes 


7« 


lim 

s  — >  0 


sEp) 


lim 

s  — >  0 

lim 

s  — >  0 


ur,p) 


1  - 


G(s)  - 
1  +  G(s). 


SW^S)  1  +  G(,)j 


(8.30) 


Flowever,  from  (8.26)  we  can  deduce 


lim 

s  — >  0 


G(s) 


lim 


(1  +sTs) 

1 

_s2T1g(10+ \0sTg  +  5s2T29+s3Ti9)_ 

107))s2 

s->  o 


(8.31) 


Following  substitution  of  (8.29)  and  (8.31)  in  (8.30),  the  latter  reduces  to  a  general  expres¬ 
sion  for  the  tracking  error  between  RTF  input  and  output. 

-(O0)/(2#)*'1 


efss 


lim 

s  — >  0 


[  wiV (V _ 

(n  +  k  -  m  -  2) 


■  107))  i . 


(8.32) 


For  example,  for  the  case  of  an  ideal  integrator,  two  washout  filters  (column  8  of  Table  8.6 
on  page  423),  and  a  cubic  mechanical  power  input,  i.e.  n  =  3,  k  —  1  and  m  —  2,  (8.32)  be¬ 
comes: 

\£“| 

•  107))  =  K7rKcR0,  where  Kir  =  Tir/ilH) 


efss 


\flR0)/{2H)k 


and  Kg  =  107)). 
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Note,  for  the  other  inputs  in  column  8  when  n  <  3,  ejss  —  0. 


App.  8-I.2.2  With  a  Pseudo  Integrator 

The  same  analysis  as  in  the  previous  section  is  conducted  with  the  transfer  function  of  a  sin¬ 
gle  pseudo  integrator  replacing  that  of  the  ideal  integrator.  It  can  be  shown  that 

{tZthRA/(2H) 

Urtf\  =  I'm  s(Urtf(s))  =  - —— -  as  s ->  0  ,  and  (8.33) 

J  Us  s  — >  o  J  P  > 


efss 


lim 
s  — »  0 


( n-m -  2) 


(8.34) 


App.  8-1.3  Multi-Band  PSS  transfer  function 

Consider  a  differential  filter  of  form  shown  in  Figure  3  of  [16];  it  is  also  illustrated  in 
Figure  8.26  in  which  Ris  a  constant  ratio. 


r  —  —  —  —  —  ~  —  n 


Ki 

1+sT/R 

1 

1 

1+sT 

-K 

CH+ 

k2 

1 

K, 

1+sT 

JT-| 

Differential  filter  Gjj(s) 

Figure  8.26  Differential  filter  Gjj 


The  input-output  transfer  function  is 


G{s)=  K2Gdf(s) 


*i*2( 


1  +s(T/R) 
1  +sT 


1  +sT  \ 
1  +s(TRy 


=  KxK2(T/R) 


s{\-RY 

(1  +  sT)(l  +  sTR) 


(8.35) 


Equation  (8.35)  reveals  that  G(s)  is  a  band-pass  filter.  Let  the  frequency  com 
and  s  =  j  to  ;  (8.35)  then  becomes: 


G(jo\n) 


kxk2 


(i -R)2 

R(l+R)' 


1  /(TjR) 

(8.36) 


However,  at  frequency  a>m  rad/ s  it  is  required  that  the  differential  filter  have  unit  gain;  i.e. 
Grf/(/c,)m)|  =  1  .  Hence,  from  (8.36): 


GdfJ com)  =  Kx  ■ 


(izV 

R(l+R) 


1 ; thus 
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Kx  =  R(1  +  R)/{\ -  R)~ ,  or 

(k1-\)r2-{2k1  +  \)r  +  k1  =  o. 

Solving  (8.38)  for  Rwe  find: 

R  =  [(2ATj  +  1)±J8K1  +  11/(2^!  -  l),with  K{>  1  . 


(8.37) 

(8.38) 


Following  substitution  of  (8.37)  in  (8.35)  the  transfer  function  G(s)  becomes: 


G(s) 


K2(2$/<om)S 
l+(2$/<Dm)s  +  (s/<Dm)2, 


(8.39) 


where  the  damping  ratio  is  E,  =  (R  +  l)/(2  JR) .  Equation  (8.39)  is  that  of  a  Q-filter  with 
maximum  gain  K2  at  the  centre  frequency  co  rad/s.  Its  normalized  frequency  response  is 
shown  in  Figure  2.21  for  K2  =  1  and  a  range  of  damping  ratios  from  0.1  to  10. 


Chapter  9 


Basic  Concepts  in  the  Tuning  of 

PSSs  in  Multi-Machine  Applications 


9.1  Introduction 

The  objective  of  the  application  of  stabilizers  in  multi-machine  power  systems  is  to  stabilize 
the  system  by  providing  adequate  damping  for  the  critical  rotor  modes  of  oscillation.  These 
modes  typically  involve  several  power  stations  and  their  machines.  In  the  case  of  inter-area 
modes  many  power  stations,  geographically  widely  separated,  may  participate  in  both  the  lo¬ 
cal  and  inter-area  modes.  It  is  therefore  necessary  that  the  stabilizer  which,  when  fitted  to  a 
generator,  contributes  with  stabilizers  on  other  machines  to  the  damping  of  the  relevant 
modes.  Furthermore,  because  operating  conditions  on  the  system  continuously  change,  the 
performance  of  a  fixed-parameter  stabilizer  should  be  robust  to  any  such  changes. 

By  employing  the  P-Vr  method  in  the  tuning  of  the  PSS,  as  demonstrated  in  Chapter  5,  the 
inherent  magnitude  and  phase  characteristics  of  the  generator  and  power  system  are  being 
utilized;  for  practical  purposes  these  characteristics  consistently  lie  in  a  relatively  narrow 
band.  Not  only  can  the  method  account  for  variations  over  a  wide  range  of  loading  condi¬ 
tions  on  the  system,  line  outages,  etc.,  but  the  resulting  PSS  is  most  effective  and  beneficial 
at  the  higher  generator  real  power  outputs  as  revealed  in  Table  5.6,  and  discussed  in  the  as¬ 
sociated  text. 

Prior  to  considering  the  application  of  the  P-Vr  method  to  the  tuning  of  PSSs  in  multi-ma¬ 
chine  power  systems,  the  use  and  significance  of  two  valuable  tools  in  the  small-signal  anal- 


447 


448 


Tuning  of  Multi-Machine  PSSs 


Ch.  9 


ysis  of  the  dynamic  performance  of  such  systems  are  discussed.  These  tools  concern  the  so- 
called  “Mode  Shape”  and  “Participation  Factor”  analyses  of  the  system  for  a  selected  oper¬ 
ating  condition.  Such  analyses  reveal  the  nature  and  significance  of  the  various  modes  (both 
rotor  or  other  modes),  the  involvement  -  and  extent  of  involvement  -  of  generators  in  the 
modes,  and  other  insights  such  as  the  nature  of  the  dynamic  behaviour  of  other  devices  in 
the  system  (e.g.  FACTS  devices  and  their  controls). 

The  application  of  other  PSS  tuning  methods,  namely  the  GEP  Method  and  the  Method  of 
Residues,  is  discussed  in  Chapter  6.  While  these  approaches  can  be  adapted  to  the  multi-ma¬ 
chine  system,  for  the  reasons  explained  in  the  latter  chapter  the  P-Vr  method  is  considered 
to  possess  some  significant  advantages. 

9.1.1  Eigenvalues  and  Modes  of  the  system 

It  has  been  pointed  out  in  Section  3.5,  that  the  hth  eigenvalue  of  the  real,  n  x  n  system  ma¬ 
trix  A  of  the  state  equations  is  the  real  or  complex  scalar  quantity,  Xh  ;  it  is  the  non-trivial 
solution  of  the  equation 

Avh  =  hvh-  (9A) 

The  n  -element  column  vector,  vh,  is  the  right  eigenvector  of  the  matrix  A  corresponding 
to  the  eigenvalue  Xh  . 

For  low-order  dynamic  systems,  typically  with  less  than  2500  states,  the  eigenvalues  are  cal¬ 
culated  using  an  algorithm  that  employs  QR  factorisation  [1] .  As  the  number  of  states  ap¬ 
proach  2500  the  computation  tends  to  become  much  slower.  However,  if  fast  computation 
is  required  to  determine  only  those  eigenvalues  in  a  selected  region  of  the  complex  s-plane, 
or  if  the  system  order  is  greater  than  2500,  methods  such  as  Modified  Arnoldi  [2],  Subspace 
Iteration  [3]  and  Multiple-Shift-Point  Sparse-Eigenanalysis  [3]  are  available.  Such  facilities 
are  normally  included  in  software  packages  for  the  analysis  of  the  small-signal  dynamic  per¬ 
formance  and  control  of  large  power  systems  [4], 

As  has  been  discussed  earlier,  eigen-analysis  is  an  extremely  valuable  tool  because  the  n  ei¬ 
genvalues  of  the  system  characterize  the  nature  of  its  dynamic  behaviour  in  the  following 
ways: 

1.  The  time-domain  responses  of  the  system  states  and  outputs  to  a  disturbance  are 

a  jt  akt 

weighted  sums  of  terms  of  the  forms  a  -e  and  bke  sin( P kt  +  (j^) ,  where  hj  =  a.  is 
a  real  eigenvalue  and  Xk  =  a  k  ±./P/(  is  a  complex-conjugate  pair  of  eigenvalues.  The 
real  and/ or  the  real  plus  imaginary  parts  of  the  eigenvalues  therefore  clearly  define  the 
form  of  its  responses. 

2.  The  system  is  stable  if  the  real  parts,  a  ,  of  all  n  eigenvalues  are  negative. 
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3. 


The  monotonic  and  oscillatory  terms  a  e  '  and  bke  k  sin(  p kt  +  (j)^)  are  the  ith  and  kth 

-I 

modes  of  the  system,  respectively. 


In  the  case  of  the  oscillator)'  modes,  assuming  that  the  mode  is  unique,  the  right  and  left 
eigenvectors  of  the  complex  conjugate  eigenvalues  are  also  complex  conjugates.  Therefore, 
the  mode  shape  and  participation  factors  (as  described  below)  of  the  mode  can  be  identified 
by  considering  only  the  eigenvectors  of  one  of  the  complex  conjugate  pair  of  eigenvalues. 
In  addition,  in  later  sections  we  will  present  the  concept  of  the  response  of  the  system  to  a 
complex  frequency,  namely  the  modal  frequency  of  a  decaying  oscillatory  mode.  Again,  it 
can  be  shown  that  it  suffices  to  evaluate  the  transfer  function  at  one  of  the  two  complex 
conjugate  eigenvalues.  For  these  reasons,  throughout  the  text  we  have  sometimes  referred 
to  an  oscillatory  mode  as,  say,  mode  h  where  h  is  the  index  or  number  of  the  first  of  two 
complex  conjugate  eigenvalues  which  together  constitute  the  mode. 


The  above  items  are  valuable  pieces  of  information  but  they  do  not  answer  the  following 
questions  concerning  the  modes  of  the  system: 

•  What  type  of  mode  it  is?  (For  example,  is  it  primarily  associated  with  the  controller  of 
a  FACTS  device?) 

•  What  states  participate  in  this  mode,  in  what  manner  and  to  what  extent?  (Do  the 
rotor  speed  states  of  generators  i  and  j  both  participate  significantly  in  the  oscillatory 
mode  ?) 

•  Can  analysis  reveal  the  behaviour  of  one  group  of  generators  with  respect  to  other 
groups  in  the  case  of  the  electro-mechanical  modes? 

•  Which  generators  participate  significantly  in  the  lightly-damped  or  potentially  unstable 
modes?  (In  practice  it  may  be  necessary  to  identify  some  or  all  of  the  rotor  modes, 
particularly  those  that  fall  into  the  categories  of  being  unstable  or  lightly  damped.) 

We  shall  therefore,  in  the  following  sections,  examine  two  methods  which  are  used  to  iden¬ 
tify  the  modes  by  resolving  the  above  issues,  namely,  Mode  Shape  and  Participation  Factor 
Analyses  [5], 

9.2  Mode  Shape  Analysis 

In  the  analysis  of  the  dynamic  performance  of  multi-machine  power  systems,  the  concept 
of  ‘mode  shapes’  provides  a  practical  and  meaningful  tool.  In  essence,  mode  shapes  assist 
one  to  identify  the  mode  type  such  as  ‘inter-area’,  ‘local-area’,  ‘inter-machine’  /  ‘intra-sta¬ 
tion’. 


1.  See  Section  3.5.2  concerning  the  distinction  between  ‘eigenvalues’  and  ‘modes’. 
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The  theoretical  basis  for  mode  shapes  is  outlined  in  Section  3.9.  It  was  shown  that  if  the  state 
equations  of  the  dynamic  system  are  excited  by  the  right  eigenvector  v  ■  of  a  selected  mode 
of  rotor  oscillation,  A, . ,  only  that  mode  appears  in  the  time-domain  responses  of  the  states  - 
the  responses  for  all  other  modes  are  zero;  this  is  succinctly  summarised  by  (3.45),  namely 

V,.  elt.  (9.2) 

The  electro-mechanical  or  rotor  modes  of  oscillation  are  usually  identified  with  the  pertur¬ 
bations  of  rotor  speed  about  synchronous  speed.  The  mode  shape  is  therefore  identified 
mainly  from  the  phase  of  the  elements  of  the  right  speed-eigenvector  of  the  selected  mode. 

Rather  than  considering  a  complex  multi-machine  system,  the  significance  and  application 
of  mode  shapes  are  illustrated  more  simply  -  and  in  some  detail  -  initially  using  a  two-mass 
spring  system. 

9.2.1  Example  1:  Two-mass  spring  system 

A  two-mass  spring  system  which  is  constrained  to  move  freely  in  the  positive  x-direction 
from  a  reference  position  is  shown  in  Figure  9.1(a).  The  instantaneous  position  and  speed 
of  the  centre  of  mass  j  is  Xj(t)  (m)  and  Vj(t)  (m/s),  respectively,  are  highlighted  in 

Figure  9.1(b).  M-  is  the  mass  (kg),  Bj  is  the  viscous  damping  coefficient  (N/m/s)  between 
the  mass  and  the  ground  plane,  Kjk  is  the  spring  stiffness  coefficient  (N/m),  and  f-(t)  is  an 
externally  applied  force  (N) . 
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Figure  9.1  (a)  A  two-mass  system  free  to  move  in  the  x-direction  on  a  flat  surface, 

(b)  the  general  form  of  the  parameters  and  variables  for  the  jth  mass. 


Based  on  Figure  9.1(b),  a  general  form  of  the  equation  of  motion  for  mass  M.  can  be  ex¬ 
pressed  as  [6],  [7],  [8]: 

dv  ■ 

fj  =  ~Kijxi +  MJ  dt  +  BJVJ  +  +  KJk)xJ  ~  KJ ***  • 

This  equation  can  be  rewritten  in  state  equation  form  as  follows: 


(9.3) 
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vj 


1 


Mj  J  Mj  1  Mj  J  Mj  k  MjJ 


Xu+^rfi 


and 


xj 


(9.4) 


Applying  the  above  relationships  to  the  two  masses  in  turn,  a  fourth-order  set  of  state  equa¬ 
tions  is  formed  in  the  state  variables  [vj,  v0,  .xq,  x2] ;  the  derivation  of  the  set  of  equations  is 
left  as  an  exercise  to  the  reader. 


Consider  the  following  parameters  for  the  four-mass  spring  system: 

M,  =  2,  M2  =  4,  Bl  =  1,  B2  =  0.5,  and  K(n  =  10,  Kn  =  8,  K20  =  10. 

For  these  values  of  the  system  parameters  the  eigenvalues  of  the  system  are  given  in 
Table  9.1. 


Table  9.1  Eigenvalues  of  the  two-mass  spring  system 


Eigenvalue  number  and  value 

1 

2 

3 

4 

-0.214+j3.21 

-0.214-j3.21 

-0.098+jl  .77 

-0.098-jl.77 

We  note  that  there  are  two  stable  oscillatory  modes  having  damping  ratios  of  0.067  for  mode 
A  (which  is  associated  with  the  complex  conjugate  eigenvalue  pair  1,2)  and  0.055  for  mode 
B  (eigenvalue  pair  3,4).  However,  there  is  no  information  that  reveals  the  nature  of  the  sys¬ 
tem  performance;  for  example,  what  is  the  relative  characteristic  behaviour  of  the  masses 
for  mode  A? 

The  right  speed-eigenvectors  for  the  two  oscillatory  modes  are  shown  in  Table  9.2.  It  is  not¬ 
ed  for  mode  A,  when  it  alone  is  excited,  that  the  speed  states  Vj  and  v2  of  masses  1  and  2 
are  essentially  in  anti-phase.  The  mass  M1  is  said  to  ‘swing  against’  mass  M2 .  The  displace¬ 
ment  states  Xj  and  x2  ,  which  are  almost  in  anti-phase,  lag  their  respective  speed  states  by 

nearly  90°.  When  the  right  eigenvectors  are  normalised  to  1  Z0°  for  the  state  with  the  largest 
magnitude  (the  speed  state  Vj  for  mode  A,  v2  for  mode  B),  the  modal  behaviour  of  the 
states  is  interpreted  more  easily  using  the  polar  plots  for  the  relevant  modes  as  shown  in 
Figure  9.2. 

Often  in  mode-shape  analysis  only  the  speed  elements  in  the  right  eigenvector  are  plotted. 
In  this  event  the  plot  is  the  same  as  that  in  Figure  9.2  except  all  other  states  are  omitted. 
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Table  9.2  Right  eigenvectors  for  the  oscillatory  modes 


State 

Right  eigenvectors 

Mode  A:  -0.214  ±73.21 

ModeB:  -  0.098  ±y  1.77 

Magnitude 

Angle  ° 

Magnitude 

Angle  ° 

V1 

0.904 

180 

0.492 

-5.3 

v2 

0.309 

-9.6 

0.719 

0 

*1 

0.281 

86.2 

0.277 

-98.4 

x2 

0.096 

-103.4 

0.405 

-93.2 

Mode  A:  -0.21 4+/-j3.21 


0.5 

0 

-0.5 

-1 

-1  -0.5  0  0.5  1  -1  -0.5  0  0.5  1 

Figure  9.2  Normalised  right  eigenvectors  of  speed  (v)  and  displacement  (x) 

for  the  oscillatory  modes 

Let  us  now  consider  the  time-domain  responses  of  the  states  when  the  mass-spring  system 
is  excited  by  the  right  eigenvector  consisting  of  the  real  parts  of  its  elements  for  each  of  the 

modes  in  Table  9.2,  e.g.  by  the  initial  condition  [-0.904  0.305  0.0188  —0.0223  ]  ^  for  mode 
A.  The  transient  response  to  this  initial  condition  is  shown  in  Figure  9.3. 

Note  in  Figure  9.3  the  instantaneous  phase  relationship  between  the  states  is  consistent  with 
Figure  9.2  and/or  Table  9.2.  From  the  figure  it  is  seen  that 

•  the  time  constant  and  the  period  of  the  response  are  consistent  with  the  single  mode, 
-0.214  F./3.21 ; 
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Figure  9.3  First  ten  seconds  of  the  transient  response  speed  (v)  and  displacement  states 
(x)  for  the  two-mass  spring  system  to  an  initial  condition  which  excites  only 

mode  A,  -0.214  ±y3.21. 

•  the  speed  states  Vj  and  v7  as  well  as  the  displacement  states  xl  and  x2  are,  respec¬ 
tively,  nearly  in  anti-phase; 

•  Xj  and  x2,  respectively,  lag  Vj  and  v7  by  nearly  90°; 

•  as  might  be  expected  for  mode  A,  -  0.214  ± y'3.21 ,  in  which  the  masses  swing  against 
each  other  as  shown  in  Figure  9.3,  the  amplitude  of  the  oscillation  of  the  smaller  mass 
is  larger. 

Likewise,  as  seen  in  Figure  9.4  if  the  system  is  excited  by  an  initial  condition 

[0.490  0.719  -0.0407  -0.0224]^  on  the  four  states  in  Table  9.2,  only  mode  B  is  excited.  In 
this  case  the  speed  states  Vj  and  v2  as  well  as  the  displacement  states  xl  and  x2  are,  respec¬ 
tively,  nearly  in-phase,  i.e.  the  two  masses  ‘swing  together’  with  respect  to  the  reference 
frame.  Again,  the  form  of  the  responses  is  consistent  with  the  results  in  Figure  9.2  and/or 
Table  9.2. 
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Figure  9.4  First  ten  seconds  of  the  transient  response  of  the  two-mass  spring  system  to 
an  initial  condition  which  excites  only  mode  B,  -  0.098  ±  j  1.77  . 

It  is  noted  above  for  mode  A,  in  which  the  masses  swing  in  anti-phase,  the  amplitude  of  the 
oscillation  of  the  smaller  mass  is  larger.  This  suggests  that  the  nature  of  the  oscillations  ob¬ 
served  in  the  responses  of  Figure  9.3  and  Figure  9.4  are  associated  with  the  interchange  of 
energy  between  the  energy  storage  elements.  Let  us  calculate  the  instantaneous  stored  ener- 

2 

gies  in  the  masses  and  the  spring.  The  instantaneous  stored  energy  in  a  mass  is  MjVj/2  and 

2 

that  in  a  spring  is  K-^Xj  —  x yt)  /2  .  For  mode  A  the  time  responses  of  the  stored  energy  in 
each  of  the  five  elements  for  the  relevant  initial  conditions  are  plotted  in  Figure  9.5. 

As  is  to  be  expected,  the  envelope  of  the  decay  of  the  stored  energies  decays  with  a  time 
constant  of  one-half  of  that  of  mode  A  '.  Further  we  note: 

•  The  stored  energy  in  each  of  the  two  masses  peak  more-or-less  simultaneously;  at  that 
time  the  stored  energy  in  each  of  the  three  springs  is  zero; 


-at 


1.  Assume  that  the  response  of  a  speed  state  of  a  mass  is  v(l)  =  V^e  .  The  stored 


energy  will  decay  as  V  (?) 


.2  -2a t 
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A  quarter  cycle  later  of  the  modal  frequency  (3.21  rad/s,  period  approximately  2  s), 
the  latter  condition  is  reversed,  i.e.  the  stored  energies  in  the  springs  peak  more-or-less 
simultaneously;  at  that  time  the  stored  energy  in  each  of  the  masses  is  zero. 

If  the  losses  during  the  interchange  were  zero  (i.e.  no  viscous  damping,  B  =  0),  the 
system  would  oscillate  indefinitely  with  constant  amplitude  and  the  peaks  and  troughs 
in  the  responses  would  coincide  exactly. 


Time  (s) 


Figure  9.5  Stored  energy  response  in  each  of  the  masses  and  springs  for  an  initial  condi¬ 
tion  which  excites  only  mode  A,  -  0.214  +  y'3.21  . 

A  plot  of  the  stored  energy  responses,  similar  to  Figure  9.5,  for  mode  B  (-  0.098  ± y’1.77) 
can  be  predicted  from  the  mode  shape  shown  in  Figure  9.2  or  the  amplitude  responses  of 
Figure  9.4.  This  is  left  as  an  exercise  to  the  reader. 

The  interchange  of  energy  between  energy  storage  elements  every  quarter  of  a  cycle  of  the 
oscillatory  behaviour  is  explained  in  any  text  book  on  the  fundamentals  in  physics  or  engi¬ 
neering.  The  significance  of  mode  shapes  in  the  analysis  of  dynamic  performance  is  that  it 
reveals  the  nature  of  the  behaviour  of  the  masses  (or  inertias)  in  selected  modes  -  normally 
the  electro-mechanical  modes  in  power  system  dynamic  performance. 
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This  example  illustrates  that,  for  the  two-mass-spring  system,  there  is  one  oscillatory  mode 
representing  the  relative  dynamic  behaviour  between  the  two  masses.  The  second  mode 
portrays  the  behaviour  of  the  masses  with  respect  to  the  reference  frame. 

9.2.2  Example  2:  Four-mass  spring  system 

To  highlight  some  further  relevant  issues  a  somewhat  more  complex  mass-spring  system 
than  that  in  Example  1  (Section  9.2.1)  is  analysed;  the  system  is  shown  in  Figure  9.6. 

Unlike  the  previous  example  there  are  no  springs  restraining  movement  between  the  masses 
and  the  reference  plane.  The  previous  example  of  the  two-mass-spring  system  is  simple 
enough  to  demonstrate  not  only  the  concepts  of  mode  shapes,  but  also  the  associated  tran¬ 
sient  responses  and  the  responses  of  the  stored  energy.  However,  the  purpose  of  this  exam¬ 
ple  is  to  demonstrate  for  higher-order  systems  the  types  of  interactions  between  elements 
that  are  revealed  through  mode-shape  analysis.  Moreover,  the  more  complex  system  pro¬ 
vides  additional  insight  into  the  use  of  participation  factor  analysis  described  in  Section  9.3. 
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Figure  9.6  A  four  mass,  three-spring  system 


The  following  are  the  parameters  for  the  four-mass  spring  system: 

Ml  =  1,  M2  =  2,  M3  =  4,  M4  =  2;  B{  =  0.3,  B2  =  0.8,  B 3  =  2.4,  B4  =  0.6 ,  and 

K 12  =  10,  K22  =  8,  K24  =  15.  The  units  of  these  parameters  are  supplied  in 
Section  9.2.1. 


The  eight  eigenvalues  and  five  modes  of  system  are  given  in  Table  9.3. 

Table  9.3  Eigenvalues  and  modes,  A  to  E,  of  the  four-mass  system 


Eigenvalue  number  and  value 

Mode  A  (Oscillatory) 

Mode  B 
(Mono.) 

Mode  C 
(Mono.) 

Mode  D  (Oscillatory) 

Mode  E  (Oscillatory) 

1 

2 

3 

4 

5 

6 

7 

8 

-0.18+j4.12 

-0.1 8-j4.12 

-0.46 

0 

-0.1 9+jl  .82 

-0.19-jl.82 

-0.21+j3.43 

-0.21-j3.43 

Mono.:  a  monotonically  increasing  or  decaying  mode 

Sec.  9.2 


Mode  Shape  Analysis 


457 


We  note  that  there  is  a  pole  at  the  origin  in  the  case  of  mode  C  (eigenvalue  4),  the  remaining 
eigenvalues  constitute  modes  that  are  stable,  and  that  the  oscillatory  modes  have  a  damping 
ratio  between  0.04  for  mode  A  (eigen-pair  1,2)  and  0.10  for  mode  D  (eigen-pair  5,6). 

In  the  analysis  of  multi-machine  power  system  dynamics  it  is  common  practice  to  employ 
the  normalised  right  speed-eigenvectors  in  assessing  mode  shapes  for  the  electro-mechani¬ 
cal  modes.  These  eigenvectors  of  the  oscillatory  modes  for  the  four-mass  system  are  shown 
in  both  Table  9.4  and  the  plots  of  Figure  9.7.  It  is  observed  for  oscillatory  mode  A,  the  only 
mode  excited,  that 

•  the  speed  states  of  masses  Ml  and  move  together  essentially  in  anti-phase  with 
those  of  masses  M2  and  M4; 

•  the  lighter  masses  M j  and  M2  have  the  larger  amplitudes; 

•  the  frequency  of  oscillation  of  this  mode  is  the  highest  of  all  the  modes. 

Table  9.4  Four  mass  system:  Normalised  right  speed-eigenvectors  for 
the  three  oscillatory  modes 


State 

Normalised  right  speed-eigenvectors  for  oscillatory  modes 

Mode  A:  —  0.18  ± y'4.12 

Mode  D:  -  0.19  ±y  1.82 

Mode  E:  -0.21  ±y'3.43 

Magnitude 

Angle  ° 

Magnitude 

Angle  ° 

Magnitude 

Angle  ° 

V1 

1.00 

0 

1.00 

0 

0.516 

6.5 

v2 

0.703 

-177.9 

0.668 

-1.1 

0.096 

-161.6 

v3 

0.167 

8.2 

0.306 

-178.3 

0.579 

-174.9 

v4 

0.131 

-173.3 

0.549 

-176.6 

1.00 

0 

The  speed-eigenvector  plot  for  the  monotonically  decaying  real  mode  (B  in  Table  9.3)  re¬ 
veals  that  all  masses  move  in-phase  with  respect  to  the  reference  when  this  mode  is 

excited  1 .  In  the  case  of  the  oscillatory  mode  D  (eigen  pair  5,6),  the  lighter  masses  Ml  and 
M2  swing  together  against  and  the  heaviest  mass  M 3;  the  frequency  of  oscillation  is  the 
lowest  of  all  the  modes.  Similarly,  for  mode  E  (eigen  pair  7,8)  the  lighter  masses  M4  and  Ml 


1.  In  Table  9.3  the  elements  of  the  speed  eigenvector  of  mode  C  (eigenvalue  4),  which  rep¬ 
resents  a  pole  at  the  origin  of  the  s-plane,  are  all  zero.  If  mass  4  were  attached  to  the  ref¬ 
erence  plane  through  a  spring  with  non-zero  coefficient  Kjq,  one  is  likely  to  find  that 
modes  B  and  C  represent  a  fourth  complex  conjugate  pair  which  would  constitute  a 
common  oscillatory  mode  in  which  all  four  masses  oscillate  in-phase  against  the  refer¬ 


ence. 
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swing  predominantly  against  the  heaviest  mass  My  It  is  these  types  of  phenomena  that 
mode  shapes  are  particularly  useful  in  revealing  when  this  analysis  is  applied  to  the  electro¬ 
mechanical  modes  of  a  multi-machine  power  system.  For  example,  when  two  large  groups 
of  generators  swing  against  each  other,  the  frequency  of  oscillation  is  typically  low  (e.g.  2  to 
5  rad / s),  but  if  a  single  generator  swings  against  the  rest  of  the  machines  the  frequency  tends 
to  be  relatively  much  higher  (e.g.  7-10  rad / s). 


Mode  A:  -0.18+/-j4.12  Mode  B,  Mono.:  -0.46 


Mode  D:-0.19+/-j1.82  Mode  E:  -0.21+/-j3.43 


Figure  9.7  Normalised  right  speed-eigenvectors  for  the  three  oscillatory  modes  (A,  D,  E) 
and  the  monotonically  decaying  real  mode  B. 

In  this  example  of  a  four  mass-spring  system,  there  are  three  oscillatory  modes  representing 
the  relative  dynamic  behaviour  between  the  four  masses.  A  fourth  real  or  complex  mode 
typically  portrays  the  behaviour  of  all  four  masses  with  respect  to  a  reference.  Typically,  if 
there  are  N  masses,  there  are  N- 1  modes  representing  the  dynamic  characteristics  of  inter¬ 
actions  between  the  masses.  Instead  of  an  analysis  of  masses  which  are  subject  to  linear  dis¬ 
placement  an  analysis  of  rotating  masses  can  be  conducted  using  a  similar  approach.  Thus 
for  N  generators  connected  to  a  multi-machine  system,  there  are  IV- 1  modes  of  rotor  -  or 
electro-mechanical  -  oscillation  representing  the  relative  dynamic  interactions  /  behaviour  be¬ 
tween  the  N  rotating  masses.  The  N  modes  are  associated  with  N  pairs  of  complex  conjugate 
eigenvalues  -  that  is,  a  total  of  2N  eigenvalues. 
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However,  a  note  of  warning  is  appropriate  here.  The  mode  shapes  do  not  reveal  the  relative 
extent  in  which  the  set  of  states  participate  in  a  selected  mode,  or  the  relative  extent  for 
which  a  selected  state  participates  in  the  set  of  system  modes.  As  seen  in  Figures  9.3  and  9.4 
the  elements  of  the  right  eigenvector  v.  in  (9.2)  represent  the  relative  amplitude  of  the  states 
at  time  zero  and  thereafter.  These  elements  are  not  dimensionless;  the  first  four  elements 
have  the  dimensions  of  speed  in  m/s,  the  second  four,  displacement  in  m.  The  set  of  states 
in  a  model  of  a  multi-machine  power  system  is  comprised  of  states  of  very  different  types, 
e.g.  fluxes,  control  and  excitation  system  variables,  as  well  as  rotor  speed  and  angle.  Again, 
the  elements  of  the  right  eigenvector  are  not  dimensionless  and  would  alter  if  the  per-unit 
system  employed  were  changed.  It  is  therefore  not  possible  to  measure  the  relative  partici¬ 
pation,  say,  of  each  of  the  system  states  in  a  selected  mode  based  on  the  right  eigenvector, 
unless  the  measure  is  expressed  in  a  dimensionless  form.  This  is  achieved  using  the  concept 
of  participation  factors. 

9.3  Participation  Factors 

In  the  case  of  a  multi-machine  power  system  we  may  suspect  from  the  mode  shapes  that  the 
speed  state  or  a  field  voltage  state  of  a  generator  is  involved  in  a  particular  rotor  mode  of 
oscillation,  but  how  extensively  are  they  involved,  and  how  much  relative  to  the  involvement 
of  other  generators?  Although  an  analysis  of  modes  shapes  reveals  the  phase  relation  be¬ 
tween  speed  states  in  a  given  rotor  mode  of  oscillation,  the  participation  in  that  mode  by 
some  other  state  may  be  greater  than  that  of  the  rotor  speed  state,  e.g.  field  voltage  (if  the 
PSS  damping  gain  is  set  to  a  high  value). 

Firstly,  if  vh  and  wk  are  the  right  and  left  eigenvectors,  respectively,  it  is  shown  in 
Section  3.10,  based  on  [5],  that  the  dimensionless  participation  factor  phk  =  vkh  whk  pro- 

th 

vides  a  measure  of  the  relative  extent  to  which  each  of  the  n  states  participates  in  the  h 
eigenvalue  at  time  t  =  0  .  Recall  also  that  the  sum  of  the  participation  factors  for  eigenvalue 
h  is  unity. 

Secondly,  it  is  also  shown  in  Section  3.10.1  that  the  participation  factor  also  provides  a  meas¬ 
ure  of  the  relative  extent  to  which  eigenvalue  h  participates  in  state  k  at  time  t  =  0 .  Bear 
in  mind,  however,  that  at  some  later  time  t  =  tl  some  modes  will  have  decayed  away  and 

th 

only  the  more  dominant  modes  prevail;  consequently,  the  participation  of  the  h  eigenval¬ 
ue  in  state  k  will  have  changed  from  the  values  at  t  =  0 .  The  participation  factor  is  thus  a 
meaningful  measure  only  at  t  =  0  -  which  is  the  basis  of  its  definition. 

The  first  of  the  alternative  forms  of  applying  the  participation  factor  concept  is  employed  in 
the  following  chapters. 


460 


Tuning  of  Multi-Machine  PSSs 


Ch.  9 


9.3.1  Example  4.3 

In  Example  4.2  the  mode  shapes  for  a  four-mass  spring  system  are  derived.  Due  to  the  few 
number  of  states  involved,  let  us  now  consider  the  associated  participation  factors  for  the 
states  in  the  relevant  modes  for  this  simple  system. 

The  participation  matrix  can  be  calculated  as  the  element  by  element  product  of  the  left  ei¬ 
genvector  matrix  and  the  transpose  of  the  right  eigenvector  matrix.  The  h11'  row  then  repre¬ 
sents  the  participation  factors  of  the  states  in  the  hth  eigenvalue,  as  shown  in  Tables  9.5  and 
9.6.  Likewise,  the  column  represents  the  participation  factors  of  the  modes  in  the  k th 
state. 


Table  9.5  Participation  factors  for  the  speed  states  v;-  in  the  system  modes. 


Mode 

No. 

Eigen¬ 

value 

No 

Eigenvalue 

-2 

Participation  factors  (  x  1 0  )  for  the  eight  states 

vi 

v2 

v3 

v4 

A.  (Osc) 

1 

-0.18+j4.12 

23.5-j0.2 

23.2+ jl. 5 

2.5+j0.7 

0.8+j0.2 

B.  (Mon) 

3 

-0.46 

10.8 

21.9 

45.2 

22.2 

C.  (Mon) 

4 

0 

0 

0 

0 

0 

D.  (Osc) 

5 

-0.19+jl.82 

1 7.5+jl  .4 

15.6+j0.7 

6.5+j0.9 

10.4+j2.1 

E.  (Osc) 

7 

-0.21+j3.43 

3.6+j0.7 

0.2+jO.l 

18.4+j2.8 

27.8-j0.7 

Osc.:  Oscillatory  mode.  Mon.:  Monotonic  mode 


Table  9.6  Participation  factors  for  the  displacement  states  x(-  in  the  system  modes. 


Mode 

No. 

Eigen¬ 

value 

No 

Eigenvalue 

-2 

Participation  factors  (  x  1 0  )  for  the  eight  states 

x\ 

x2 

*3 

x4 

A.  (Osc) 

1 

-0.18+j4.12 

23.4-jl  .9 

23.2-j0.8 

2.6+j0.3 

0.8+j0.1 

B.  (Mon) 

3 

-0.46 

3.7 

2.7 

-14.2 

7.6 

C.  (Mon) 

4 

0 

7.3 

19.5 

58.5 

14.6 

D.  (Osc) 

5 

-0.19+jl.82 

17.4-jl.5 

15.4-j2.8 

6.6-jl.2 

10.5+j0.4 

E.  (Osc) 

7 

-0.21+j3.43 

3.7+j0.4 

0.2+j0.1 

18.7-j0.4 

27.5-j3.1 

It  can  be  confirmed  that  the  sum  of  the  participation  factors  covering  the  eight  eigenvalues 
is  1  +  j 0 .  Note  that  the  participation  factors  are  complex  but,  as  is  often  the  case  for  the 
larger  factors,  they  are  almost  real.  Therefore,  for  ease  of  interpretation  the  magnitudes  of 
the  participation  factors  are  plotted  in  the  bar-chart  form  illustrated  in  Figure  9.8.  The  bar 
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chart  for  mode  C,  =  0 ,  is  not  shown  as  the  participation  factors  for  the  speed  states  are 
all  zero. 

For  this  simple  case  the  participation  of  the  set  of  modes  in  a  selected  state  can  be  read  from 
Figure  9.8,  e.g.  the  magnitude  of  the  participation  factors  for  the  eight  eigenvalues,  shown 
in  Table  9.3,  in  the  speed  state  v2  are  0.232,  0.232,  0.219,  0,  0.156,  0.156,  0.002,  0.002  . 

Mode  A:  -0.18+/-j4.12  Mono.  Mode  B:  -0.46 


Mode  D:  -0.19+/-j1.82  Mode  E:  -0.21+/-j3.43 


Figure  9.8  Participation  factors  of  the  set  of  states  [vj,  ...,  v4,  jcj,  ...,  x4] 

in  selected  modes. 

A  comparison  between  the  plots  of  the  participation  factors  and  the  modes  shapes  of 
Figures  9.8  and  9.7  is  instructive.  For  oscillatory  modes  A,  D  and  E  the  participation  factors 
of  the  pairs  of  states  v(-,  x-  are  almost  identical  but  the  magnitudes  of  the  mode  shapes  for 
the  same  pairs  differ  significantly,  typically  by  a  factor  of  two  or  more  to  one  in  this  example. 

As  demonstrated  through  the  two  examples,  very  pertinent  information  on  the  dynamic  per¬ 
formance  characteristics  of  the  system  is  provided  by  the  combination  of  modes  shapes  and 
the  participation  factors.  It  is  the  relative  phase  information  provided  by  modes  shapes  that 
is  particularly  useful;  the  relative  amplitude  of  the  states  depends  the  units  of  the  states.  As 
mentioned  earlier  if  the  system  of  units  were  changed,  as  in  the  selection  of  the  per  unit  sys- 
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tem,  the  relative  amplitudes  of  the  states  could  change.  On  the  other  hand,  the  participation 
factors  indicate  the  relative  degree  of  involvement  not  only  of  all  the  states  in  a  mode  on  a 
dimensionless  basis  but  also  of  the  modes  in  a  state;  the  participation  factors  are  therefore 
a  characteristic  of  the  system,  invariant  to  change  in  units.  In  the  two  examples  the  ampli¬ 
tudes  of  the  right  speed  (note,  only  speed)  eigenvectors  for  a  given  mode  shape  appear  to 
correlate  fairly  well  with  the  participation  factors  for  the  same  mode;  this  may  lead  to  the 
misconception  that  the  amplitudes  in  the  mode  shape  represent  the  ‘participation’  of  the 
speed  states  in  the  selected  mode. 

The  application  of  these  tools  will  be  demonstrated  in  analysing  the  dynamic  behaviour  of 
a  multi-machine  power  system  in  Chapter  10. 

9.4  Determination  of  the  PSS  parameters  based  on  the  P-Vr 
approach  with  speed  perturbations  as  the  stabilizing  signal 

9.4.1  The  P-Vr  transfer  function  in  the  multi-machine  environment 

Earlier,  in  Section  5.8,  the  tuning  of  a  speed-input  PSS  for  a  generator  in  a  single-machine 
infinite-bus  system  is  outlined  in  detail.  The  P-Vr  transfer  function  is  introduced  in 
Section  5.8.2,  and  its  application  to  the  tuning  of  the  PSS  compensating  transfer  function 
Gc(s)  is  described  in  the  subsequent  subsections  of  Chapter  5.  It  is  pointed  out  in  those  sec¬ 
tions  that  the  PSS  tuning  and  use  of  the  P-Vr  transfer  function  are  applicable  to  multi-ma¬ 
chine  systems;  this  is  the  case,  but  issues  such  as  interactions  between  PSSs  outlined  in  a  later 
chapter  need  to  be  accounted  for. 

The  comment  in  Section  5.8.2  for  SMIB  systems  also  applies  to  the  tuning  of  PSSs  in  multi-ma¬ 
chine  systems,  namely:  The  PSS  must  be  tuned  to  be  robust  to  a  full  range  ofNandN-1  operating 
conditions.  For  this  purpose  it  is  necessary  to  select  a  set  of  appropriate  operating  conditions 
which  encompass,  and  therefore  include,  the  full  range  of  conditions.  By  examining  the  border¬ 
ing  conditions  this  approach  reduces  the  number  of  cases  for  which  the  P-Vr  characteristics 
must  be  evaluated. 

In  the  case  of  the  multi-machine  system  the  P-Vr  transfer  function  is  defined  as  follows:  The 
P-Vr  transfer  function  for  generator  i  is  the  transfer  function  from  the  voltage  reference  A  Vn-(s) 
of  the  A  VR  of  generator  i  to  the  electrical  torque  output  of  the  generator,  A  P  .(s),  with  the  shaft 
dynamics  of  all  generators  in  the  power  system  disabled.  Note  that  shaft  dynamics  on  all  gen¬ 
erator  are  disabled  for  the  purposes  of  the  analysis. 

Diagrammatically,  this  shown  by  a  comparison  of  Figure  9.9(a),  for  the  intact  generators, 
and  Figure  9.9(b)  in  which  the  shaft  dynamics  of  all  generators  are  disabled.  An  examination 
of  Figure  9.9(b)  reveals  that  there  are  a  number  of  signal-flow  paths  associated  with  the  P- 
Vr  transfer  function.  For  example,  not  only  is  there  the  direct  path  from  the  reference  volt¬ 
age  input  A  V  -(s)  on  generator  i  to  its  electrical  torque  output  A P  .(s)  -  but  there  are  also 
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paths  through  both  the  power  system  and  the  other  generators  to  the  electrical  torque  out¬ 
put  on  i.  A  question  is:  Compared  to  the  SMIB  system,  do  these  additional  paths  diminish 
the  effectiveness  of  the  P-Vr  approach  to  PSS  tuning? 


Figure  9.9  (a)  Model  of  a  generator  in  a  multi-machine  power  system;  (b)  conceptually, 

with  shaft  dynamics  on  all  machines  disabled. 


The  terminology  used  here,  i.e.  'P-Vr  transfer  function1,  as  defined  above  for  the  multi-ma¬ 
chine  context  is  that  introduced  in  [9],  However,  this  same  transfer  function  has  been  deter¬ 
mined  by  different  techniques  elsewhere.  For  example,  for  the  tuning  of  the  PSS  of  a 
generator  in  a  multi-machine  power  system,  phase  information  on  the  P-Vr  transfer  func¬ 
tion  has  been  determined  by  field  tests  [10]  or  is  based  on  SMIB  models  with  the  machine 
inertia  constant  set  to  a  very  large  value  on  the  generator  of  interest  [11],  [12],  In  references 
[10],  [ll]and  [12]  no  attempt  is  made  to  employ  the  P-Vr  transfer  function  for  the  formal 
tuning  of  PSSs  in  a  multi-machine  system  -  including  the  concept  and  setting  of  the  PSS 
damping  gain,  or  as  a  basis  for  the  coordination  of  PSSs. 

The  method  adopted  here  for  calculating  the  P-Vr  transfer  function  is  that  presented  in  [9], 
The  significance  of  this  approach  is  that  a  simple  direct  method  is  provided  for  determining 
both  the  magnitude  and  phase  response  of  the  P-Vr  transfer  function  for  each  generator. 

The  theoretical  basis  for  the  P-Vr  characteristic  of  generator  i,  APej(s)  =  ai(s)AVri(s)  ,  in 

a  multi-machine  system  of  N generators  is  considered  in  [14],  [15].  With  the  shaft  dynamics 
of  all  generators  disabled  it  is  shown  that  the  electrical  power  or  torque  of  the  N  generators 
is  given  by 

A  Pe(s)  =  Av(s)AVr(s)  +  Bm(s)A<o(s).  (9.5) 

Furthermore,  it  is  shown  that  matrices  Av  and  are  essentially  diagonal  or  block  diagonal 

due  to  the  diagonal  dominance  property  of  the  reduced  network  admittance  matrix  into 
which  the  generator  dynamic  admittances  are  embedded  as  network  elements.  For  brevity, 
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let  us  now  consider  only  the  first  term  in  (9.5)  associated  with  the  P-Vr-like  matrix  of  gen¬ 
erators  in  the  multi-machine  system,  i.e. 

A Pe(s)  =  Av(s)AVr(s) ,  where  from  [15], 

Av{s)  =  G£s)[Y-G1(s)-\XGs(s)  +  G(Jis) 

=  G3(s)Z(s)G5(s)  +  G6(s) 

and  Z(s)  =  [F-GjC?)]'1, 

and  where  F  is  the  reduced  network  admittance  matrix.  In  the  first  term  of  the  summation 
in  (9.7),  G3(s)  -  and  in  (9.8)  Gj(s)  -  are  essentially  functions  of  the  steady-state  conditions 

and  are  modified  by  the  generator  operational  reactances  xd(s)  and  x^s) .  Moreover,  in 

(9.7)  the  first  term  is  determined  mainly,  and  diagonally  dominated,  by  the  network  admit¬ 
tance  matrix  Y.  The  Thevenin  equivalent  of  the  network  as  seen  from  the  terminals  of  gen¬ 
erator  i  is  not  much  affected  by  the  dynamics  of  the  other  generators  in  the  system.  The 
second  term  G6((s)  in  (9.7)  depends  only  on  the  parameters  of  the  generator  i,  its  excitation 
system  and  a  scalar  multiplier  vj0  , ,  the  d- axis  steady-state  terminal  voltage,  i.e.: 

G6i(s)  =  vdoJGgen  Js)GavrJ(s)/xdi(s) ,  (9.9) 

where  Ggen  ,■ ,  Gavr  ,■  and  x ^  are  respectively  the  operational  transfer  functions  of  generator 
i,  its  AVR  /  exciter,  and  its  direct-axis  synchronous  reactance;  these  functions  are  independ¬ 
ent  of  the  external  system. 

The  phase  characteristic  of  G6j(s)  is  independent  of  operating  conditions  in  the  external 
system,  however,  the  magnitude  of  the  low-frequency  response  varies  only  with  the  scalar 
gain  The  magnitude  characteristic  thus  retains  its  shape  over  the  range  of  operating  con¬ 
ditions.  Consider  firstly  the  variation  of  vrf0  with  generator  reactive  power  output  at  con¬ 
stant  real  power  (P)  and  1  pu  terminal  voltage  as  shown  in  Table  9.7.  The  low  frequency  gain 
of  the  P-Vr  characteristics  decreases  with  increasing  lagging  reactive  power  (Q);  this  obser¬ 
vation  is  reflected  in  the  P-Vr  characteristics  of  Figure  5.16  for  the  SMIB  system. 

Likewise,  as  illustrated  in  Table  9.8  and  manifested  in  the  P-Vr  characteristics  of  Figure  5.22, 
vrf0  decreases  with  decrease  in  real  power  output  at  unity  power  factor.  At  rated  power  out¬ 
put  v^0  is  relatively  large,  but  tends  to  zero  as  the  real  power  output  is  reduced. 

A  consideration  of  Table  9.7  suggests  that  it  is  prudent  to  include  a  range  of  reactive  power 
outputs  in  the  set  of  encompassing  operating  conditions. 


(9.6) 

(9.7) 

(9.8) 
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Variation  of  vd0  with  increasingly  lagging  Q  at  constant  real  power  outputs 


Corresponding  values  of  Q  and  vrf0 

P=0.9,  Q  pu 

-0.2 

0 

0.2 

0.4 

vdO  Pu 

0.930 

0.851 

0.766 

0.686 

P=0.7,  Q  pu 

-0.2 

0 

0.2 

0.4 

vd0  Pu 

0.892 

0.783 

0.680 

0.591 

Table  9.8  Variation  of  vM  with  reduction  in  P  at  unity  power  factor 


Corresponding  values  of  P  and 

Q=0,  P  pu 

0.9 

0.7 

0.5 

0.3 

0.1 

vd0  Pu 

0.851 

0.783 

0.669 

0.475 

0.177 

Sec.  9.4 
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Because  G6;(s)  is  the  more  significant  term  of  the  two  in  (9.7),  it  determines  the  consistently 
narrow  bands  of  the  frequency  responses  of  the  P-Vr  characteristics  of  generator  /  given  by 
Av  u(s)  =  APej(s)/ AVrj(s) .  For  example,  for  the  SMIB  system  the  relatively  minor  varia¬ 
tions  in  the  phase  of  the  P-Vr  characteristic  with  steady-state  operating  conditions  observed 
in  Figure  5.16  are  caused  by  the  contribution  of  first  term  in  (9.7),  [Gh(.y)Z(.s)G5(.s)] ,  over 
the  modal  frequency  range. 

In  [15]  the  authors  imply  that  the  P-Vr  characteristic  of  generator  i  can  be  calculated  if  the 
network  is  represented  by  a  SMIB  system  connected  at  the  generator  terminals.  However, 
in  multi-machine  cases,  it  may  not  be  clear  what  value  should  be  attributed  to  the  impedance 
of  the  Thevenin  equivalent,  particularly  as  it  will  change  with  line  outages,  whether  electri¬ 
cally  close-by  machines  are  on/ off  line,  the  effect  of  close-by  loads,  etc.  It  is  then  simpler 
and  more  efficient  to  calculate  the  P-Vr  characteristics  of  generator  i  1  for  each  operating 
condition  using  the  complete  model  of  the  multi-machine  system.  Moreover,  each  generator 
may  participate  in  a  range  of  local-  and  inter- area  modes  as  well  as  intra-station  modes,  not 
in  a  single  mode  as  is  the  case  in  the  SMIB  system. 

These  results  in  1 1 5]  provide  a  theoretical  basis  for  the  observation  in  [13]  that  the  P-Vr 
transfer  function  is  relatively  robust  to  changes  in  the  system  operating  conditions  in  multi¬ 
machine  systems.  That  is,  for  higher  values  of  generator  real  power  outputs  both  the  gain, 
phase  and  the  shapes  of  the  frequency  response  of  the  P-Vr  transfer  functions  do  not  vary 
appreciably,  for  practical  purposes,  over  a  wide  range  of  operating  conditions  and  system 


1.  Or  the  characteristics  of  generating  station  i  if  there  are  a  number  of  identical  units  in 
the  station. 


466 


Tuning  of  Multi-Machine  PSSs 


Ch.  9 


configurations.  Consequently,  in  multi-machine  systems,  individual  PSS  designs  that  are  based 
on  the  synthesized  P-  Vr  transfer  function  using  the  methodology’  adopted  in  Section  5.10  are  also 
robust  over  a  wide  range  of  operating  conditions.  Typically,  this  applies  for  generator  real  pow¬ 
er  outputs  exceeding  0.5  pu.  An  examination  of  Figures  5.21,  5.22  and  Tables  5.5  and  5.6 
reveals  that  the  mode  shifts  are  essentially  real,  an  observation  which  supports  the  above 
statement. 

The  robustness  and  application  of  the  P-Vr  characteristic  has  been  demonstrated  and  veri¬ 
fied  for  generators  on  very  large  systems  [20], 

For  the  multi-machine  system  the  P-Vr  characteristics  of  each  generator, 
H p  Vri(jmj)  =  APe(.(/(0y)/ A  Vri(j(Oj)  ,  are  calculated  in  a  similar  fashion  to  that  for  the  single¬ 
machine  infinite-bus  system,  except  that  the  characteristics  are  calculated  for  the  entire  net¬ 
work  with  the  shaft  dynamics  of  all  machines  disabled.  The  calculation  is  similar  to  that  de¬ 
scribed  in  Section  5.10.3  in  which  rows  and  columns  of  the  A,  B  and  C  matrices  associated 
with  the  speed  states  in  the  states  equations  (3.9)  are  eliminated;  the  D  matrix  is  usually  a  null 
matrix.  The  relationship  between  perturbations  in  electric  power  (or  torque)  as  the  output 
quantity  and  voltage  reference  as  the  input  quantity  can  then  be  formed,  and  the  frequency 
response  evaluated  for  the  set  of  encompassing  operating  conditions  and  over  the  range  of 
modal  frequencies. 

The  derivation  of  the  synthesized  transfer  function, 

HpVrSfs)  =  Wei{s)/Wri(s)\  (9.10) 

'  I  Synth 

which  is  selected  from  the  family  of  P-Vr  frequency  response  characteristics  as  the  most 
suitable  basis  for  the  tuning  of  the  PSS,  has  been  covered  in  Section  5.10.6. 

9.4.2  Transfer  function  of  the  PSS  of  generator  i  in  a  multi-machine  system 

The  basic  concepts  for  the  determination  of  the  parameters  of  a  PSS  in  a  single  machine  sys¬ 
tem  have  been  outlined  in  Chapter  5.  The  approach  in  the  case  of  a  generator  in  a  multi¬ 
machine  systems  follows  along  similar  lines  in  Section  5.8.1  and  therefore  can  be  summa¬ 
rized  fairly  briefly. 

Consider  the  model  of  generator  fitted  with  a  speed-PSS  in  multi-machine  system  as  shown 
in  Figure  9.10.  Note  that  the  transfer  functions  from  A  Vri  or  A  Vsj  to  A Pej  are  identical. 

It  has  been  established  in  Section  5.9.1  that  the  PSS  transfer  function  for  a  generator  -  say 
the  ith  -  takes  the  form 

Hpss(s)  =  kfifs)  =  ki  ■  G Wi(s )  ■  GJs )  ■  GLPi(s), 


(9.11) 
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where  k{  is  the  damping  gain;  Gcj(s )  is  the  PSS  compensation  block;  GWj(s)  and  GLPi(s) 
are  the  transfer  functions  of  the  washout  and  low-pass  filters,  respectively. 


Figure  9.10  Model  of  generator  i  fitted  with  a  PSS  in  a  multi-machine  power  system 
As  has  been  outlined  earlier  in  Section  5.14: 

1.  The  aim  of  the  tuning  procedure  is  to  introduce  on  the  generator  shaft  a  damping 

torque  (a  torque  proportional  to  machine  speed);  this  causes  the  modes  of  rotor  oscil- 

1 

lation  to  be  shifted  directly  to  the  left  in  the  complex  r-plane. 

2.  The  compensation  transfer  function  Gci(s)  is  tuned  to  achieve  the  desired  left-shift  in 
the  complex  r-plane  of  the  relevant  modes  of  rotor  oscillation. 

3.  The  damping  gain  £(-  (on  machine  MVA  rating)  of  the  PSS  determines  the  extent  of 
the  left-shift. 

Based  on  item  1,  the  ideal  transfer  function  between  speed  Aro^  and  the  electrical  damping 
torque  perturbations  A P  .  due  to  the  action  of  the  PSS  i  over  the  range  of  modal  frequen¬ 
cies  should  ideally  be: 

APeM)\PSSi  =  De^(s),  (9.12) 

where  Dej  is  a  damping  torque  coefficient  and  is  a  real  number  (p.u.  on  generator  MVA  rat¬ 
ing).  The  transfer  function  Gcj(s )  compensates  in  magnitude  as  well  as  phase  for  the  synthe- 


1.  By  ‘direct  left-shift’  is  implied  that  the  mode  shift  is  —  a  ±y’0  ,  a  >  0  .  As  explained  in 
Chapter  13,  deviations  from  the  ‘direct  left-shift’  of  modes  are  mainly  due  to  interactions 
between  multi-machine  PSSs  and  non-real  generator  participation  factors. 
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sized  P-Vr  transfer  function  of  machine  i,  HpyrS  (s) ,  defined  in  (9.10).  With  rotor  speed 

being  used  as  the  input  signal  to  the  PSS,  whose  output  is  A  Vsj(s),  the  expression  (9.12)  for 
Dei  can  also  be  expressed  in  terms  of  the  P-Vr  and  PSS  transfer  functions  as: 


A PM)  A  VJs) 

hence,  rearranging  (9.13),  we  find 

ikfijs)]  =  De/(HpVrS(s)). 

It  follows  from  an  examination  of  (9.14)  that 

*,  =  Dei  and  Gci{s)  =  1  /(HpVrS(s)), 


(9.13) 

(9.14) 

(9.15) 


Note  from  (9.15)  that  is  a  damping  torque  coefficient.  Assuming  that  the  synthesized 
transfer  function  Hpi /r$  (s)  is  of  the  general  form 


Hpvrs(s)  k  f 


(1  +sTbl)- 


\\+cus  +  c2is2){\+sTal)... 
then,  from  (9.15),  the  compensation  block  transfer  function  is 


1  0  +cus  +  c2is2')(l  +sTal)--- 

Ki 


(9.16) 


(9.17) 


where  kci,  clp  c2P  Tal  ,  ...,  Tbl ,  ...  are  parameters  determined  from  the  synthesized  P-Vr 

characteristic  in  the  tuning  procedure.  Note  that  in  the  form  of  (9.16)  (i)  real  and  complex 
zeros  can  be  accommodated  in  the  synthesized  P-Vr  transfer  function;  (ii)  the  coefficient  of 

s°  is  unity. 


Substitution  of  (9.17)  in  (9.11),  and  incorporating  the  washout  and  low  pass  filters,  yields  the 
PSS  transfer  function: 


HPSSi(s )  ki 


sTWi  1  (l+cus  +  c2is2)(l+sTal). 


1  +sTWi  kci 


(1  +*w„ 


(l+sTu)(l+sT2i)... 


(9.18) 


For  generator  6  Tm  is  the  time  constant  of  the  washout  filter;  Tlp  T2i,  ...  are  the  time  con¬ 
stants  of  the  low-pass  filter  which  may  be  added  (i)  to  ensure  Hpssi(s)  is  proper,  (ii)  to  mit¬ 
igate  against  excitation  of  the  torsional  modes  of  the  rotating  turbine/ generator/ exciter 
shaft  system. 
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Earlier  the  gain  has  been  referred  to  as  the  ‘ damping  gain’  of  the  PSS.  The  gain  k  ■  is  the 
DC  gain  of  P-Vr  characteristic  of  generator  i.  If  the  washout  filter  is  ignored  the  DC  gain  of 
the  PSS  transfer  function  is  kf kc ;  conventionally  this  is  referred  to  as  the  ‘PSS  Gain  (How¬ 
ever,  the  PSS  gain  ki/kci  has  been  attributed  little  meaning  because  the  significance  of  the 
gain  kcj  has  not  been  recognized.) 

Note,  assuming  that  the  synthesized  P-Vr  characteristic  HpsSi(s)  for  generator  i  closely 
matches  that  for  the  selected  operating  condition,  HpVr(s) ,  it  follows  that 

VpVr(s)lklGcl(s)]*kl+jO,  (9.19) 

(i.e.  equal  to  the  damping  gain)  over  the  modal  frequency  range  1 .  In  the  next  chapter,  by 
examining  the  damping  torque  coefficient,  this  result  will  be  used  to  confirm  that  the  de¬ 
signed  damping  gain  kt  of  PSS  /  is,  in  fact,  achieved  (see  Section  10.6). 

In  the  multi-machine  PSS  tuning  methodology  the  PSS  is  designed  not  only  to  swamp  any 
negative  (destabilizing)  inherent  damping  torque  coefficients  on  that  machine  over  the  range 
of  frequencies  of  the  rotor  modes,  but  also  to  provide  sufficient  damping  so  that  the  asso¬ 
ciated  damping  criteria  of  the  multi-machine  system  are  satisfied  [9],  [13],  These  issues,  to¬ 
gether  with  the  contribution  to  damping  by  stabilizers  installed  on  FACTS  devices,  are 
considered  in  a  later  chapters. 

Examples  of  the  application  of  the  P-Vr  approach  to  the  tuning  of  PSSs  in  multi-machine 
power  systems  have  been  presented  in  several  publications  [9],  [13],  [16],  [17],  [18]  and  [19], 
In  Chapter  10  the  tuning  the  PSSs  of  generators  in  an  inherently  unstable  14-generator,  mul¬ 
ti-machine  power  system  is  described.  Based  on  this  system,  the  features  of  the  PSS  tuning 
technique  discussed  above  are  illustrated  through  an  example  for  which  the  complete  system 
data  is  provided. 

9.5  Synchronising  and  damping  torque  coefficients  induced  by  PSS  i 
on  generator  i 

The  concepts  of  synchronising  and  damping  torques  over  a  range  of  frequencies  (s  =y'ccy) 

are  explained  in  the  context  of  the  single-machine  system  in  Sections  5.3  and  5.5.  The  same 
concepts  are  employed  in  the  multi-machine  application  to  assess  the  synchronising  and 
damping  torque  coefficients  developed  by  PSS  i  on  generator  i.  However,  let  us  first  assess 
the  significance  of  Figure  9.11  which  is  derived  from  Figure  9.10. 


1.  Note  Gcj(s )  is  the  compensation  which  applies  over  the  range  of  modal  frequencies. 
The  washout  and  low-pass  filter  time  constants  lie  outside  the  latter  range  and  are  not 
included  in  Gcj(s),  but  are  included  in  the  PSS  transfer  function,  Hp^^(s). 
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Figure  9.11  Model  of  generator  i  in  a  multi-machine  system  with  (i)  shaft  dynamics  on  all 
machines  disabled  and  (ii)  switches  Sje|  and  Spgg  in  rotor  angle  and  PSS  paths,  respectively. 


Consider  generator  i.  When  the  shaft  dynamics  on  all  generators  are  disabled  with  switch 
Sdel  in  t^le  r°t°r  angle  path  closed  and  the  PSS  out  of  service,  the  signal  flow  paths  can  be 
deduced  from  Figure  9.11.  As  in  the  case  of  the  SMIB  system  there  are  signal  flow  paths 
directly  from  Acb;-  through  A5;-  to  A P  ■  (or  to  A P2  in  Figure  5.2).  However,  in  the  multi¬ 
machine  case  there  are  paths  from  Aco;.  through  the  network  to  perturbations  in  rotor  angles 
and  terminal  voltages  on  other  generators,  then  to  the  inherent  torque  output  A P  ■ .  The 
principle  of  superposition  in  linear  systems  analysis  says  that  these  paths  remain  when  the 
shaft  dynamics  are  enabled  and  the  full  system  is  reinstated. 

The  object  of  the  following  analysis  is  to  determine  in  the  multi-machine  cases  if  the  PSS 
performance  is  consistent  with  its  design  basis,  i.e.  if  UpVl.(J(Oj)[kiGcj{j(Oj)]  *  k(  +  y'O  ,  over 

the  modal  frequency  range  for  an  encompassing  range  of  operating  conditions.  In  other 
words,  is  the  per  unit  damping  gain  kt  of  the  PSS  the  realised?  This  objective  is  illustrated  in 
Figure  9.11  when  the  PSS  is  in  service  with  switch  Spgg  closed  and  the  rotor  angle  path  is 
open  by  means  of  switch  S^. 


The  synchronising  and  damping  torque  coefficients  for  generator  i  are  defined  in  Section  5.3 
and  apply  to  generator  i  in  Figure  9.11: 


A,-  =  -3 


(Of  APei(j<af) 

w0  Ao^C/coy) 


and 


kdi  = 


9? 


Ape;(/'ro/-) 

Aco-C/oy) 


(9.20) 


i.e.  components  on  generator  i  of  torques  in  quadrature  and  in  phase  with  rotor  speed  on 
unit  i. 
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The  theoretical  basis  for  concept  of  the  inherent  synchronising  and  damping  torques  for 
generators  in  a  multi-machine  is  derived  from  [14],  [15]  and  the  associated  equation  (9.5). 
Recall  that  the  shaft  dynamics  of  all  generators  are  disabled  (i.e.  switch  S^j  is  closed  and  Spgg 
is  open  in  Figure  9.11.  The  torque-like  relationship  of  interest  for  generator  i  is  extracted 
from  (9.5),  i.e. 

APJs)  =  B(0(s)A(o(s) ,  where  (9.21) 

*  G^i(s)Zii(s)G2i(s)  +  G4,(.s-)  .  (9.22) 

In  (9.22)  G2i{s),  G3((s)  and  G4;(s)are  essentially  functions  of  the  steady-state  conditions 
and  are  modified  by  the  generator  operational  reactances  xd(s)  and  x^(s) .  Notice  that  the 
first  term,  through  (9.8),  is  determined  mainly  by  the  reduced  network  admittance  matrix  Y. 

According  to  [14]  both  terms  in  (9.22)  are  essentially  functions  of  the  steady-state  conditions 
at  the  generator  terminals.  However,  the  first  term  in  (9.22)  also  involves  the  Thevenin 
equivalent  of  the  network  as  seen  from  the  terminals  of  generator  i,  and  the  generator  pa¬ 
rameters.  Unlike  the  second  term  G6j(s )  in  (9.7),  G4;(s)  does  not  display  phase  invariance 

in  its  frequency  response  over  a  wide  range  of  operating  conditions.  This  implies  that,  unlike 
the  P-Vr  characteristics,  the  inherent  synchronising  and  damping  torques  coefficients  for 
generators  in  a  multi-machine  system  do  vary  with  changes  in  operating  conditions.  More¬ 
over,  both  G9/(s)  and  G4;(s)  incorporate  a  multiplying  factor  a>0/s  with  the  result  that  at 

high  and  low  frequencies  the  frequency  response  rolls  off  at  20  dB /decade  and  exhibits  a 
constant  phase  of  -90°.  This  observation  is  illustrated  in  the  SM1B  cases  by  a  comparison 
of  the  inherent  torque  coefficients  in  Figures  5.5(a)  and  5.18. 

As  implied  in  Figure  9.9(a),  in  reality  with  the  shaft  dynamics  of  all  generators  enabled,  there 
are  also  paths  through  the  power  system,  the  AVRs,  and  the  other  generators.  A  disturbance 
in  the  speed  of  generator  j  will  therefore  induce  a  torque  on  the  generator  i,  the  unit  of  in¬ 
terest,  at  the  inter-area  and  other  modal  frequencies.  The  components  of  this  torque  in 
phase,  or  lagging  by  90  °  ,  with  the  speed  of  generator  i  are  damping  or  synchronUing  torques 
induced  on  unit  i  by  j.  The  associated  torques  coefficients,  without  and  with  PSSs  in  opera¬ 
tion  and  with  the  shaft  dynamics  of  all  generators  enabled,  are  analysed  in  Chapter  12  and  are 
referred  to  as  Modal  Induced  Torque  Coefficients. 
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Chapter  10 


Application  of  the  PSS  Tuning  Concepts 

to  a  Multi-Machine  Power  System 


10.1  Introduction 

The  previous  chapter  introduced  some  important  concepts  in  the  tuning  of  PSSs  in  multi¬ 
machine  power  systems.  The  purpose  of  this  chapter  is  to  demonstrate  the  application  of 
the  associated  techniques  for  the  analysis  and  tuning  of  PSSs  in  a  fourteen-generator  power 
system  which,  without  continuously  acting  PSSs,  is  inherendy  unstable.  Each  ‘generator’  in 
this  system,  in  fact,  represents  a  power  station  which  accommodates  between  one  and 
twelve  units;  the  number  of  units  in-service  ( nu )  depends  on  the  particular  operating  condi¬ 
tion.  The  units  in  a  power  station  are  assumed  to  be  identical,  therefore  the  rating  of  the 
equivalent  generator  for  a  station  is  nu  times  the  rating  of  a  single  unit.  It  is  assumed  that  the 
individual  generators  in  each  power  station  are  fitted  with  identical  excitation  systems  and 
PSSs. 

In  a  later  chapter  a  class  of  stabilizers  known  as  Power  Oscillation  Dampers  (PODs)  are  dis¬ 
cussed;  these  are  stabilizers  that  can  be  fitted  to  power-electronic  based  transmission  devices 
such  as  FACTS  (e.g.  Static  Var  Compensators)  and  HVDC  transmission.  The  analysis  and 
tuning  of  POD  stabilizers  are  demonstrated  by  means  of  examples  in  Chapter  1 1 .  In  the 
fourteen-generator  power  system  described  in  this  chapter  the  Static  Var  Compensators 
(SVCs)  are  fitted  with  continuously  acting  voltage  regulators  controlling  bus  voltage,  but  are 
not  fitted  with  stabilizers. 
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The  steps  in  the  tuning  of  PSSs  of  machines  in  a  multi-machine  system  are  explored,  com¬ 
mencing  with  (i)  the  eigen-analysis  of  the  system  with  all  PSSs  out  of  service,  and  (ii)  the  as¬ 
sociated  analysis  based  on  Mode  Shapes  and  Participation  Factors.  The  PSSs  are  then  tuned 
using  the  P-Vr  approach  discussed  in  Section  9.4.  Having  completed  the  determination  of 
the  PSS  parameters,  the  effect  on  the  shifts  of  eigenvalues  associated  with  the  rotor  modes 
are  assessed  as  the  damping  gains  of  the  PSSs  are  increased;  ideally  over  the  range  of  oper¬ 
ating  conditions  such  shifts  are  directly  to  the  left  in  the  complex  s-plane. 

In  practice  a  new  power  station  is  built  to  supply  energy  to  an  existing  power  system  in 
which  many  of  the  existing  generators  may  already  be  fitted  with  PSSs.  The  latter  PSSs 
would  have  been  tuned  and  their  parameters  set  to  fixed  values.  The  PSSs  in  a  new  power 
station  have  to  be  tuned  to  satisfy  the  damping  and  other  performance  criteria  of  the  system 
operators  over  the  range  of  system  operating  conditions  and  contingencies.  However,  in  the 
following  example  the  PSSs  fitted  to  all  generators  are  tuned  at  the  same  time,  and  the  effect 
on  damping  established  as  the  PSS  damping  gains  are  increased  from  zero  to  30  pu  on  ma¬ 
chine  base.  This  analysis  reveals  a  number  of  issues  that  are  not  found  in  the  analysis  asso¬ 
ciated  with  the  new  power  station  in  an  existing  system.  Nevertheless,  the  approach  adopted 
in  the  example  is  applicable  to  the  tuning  of  PSSs  for  additional  generation. 

Earlier  work  has  investigated  the  tuning  of  PSSs  to  adequately  damp  both  local-  and  inter¬ 
area  modes  [1]  [2].  It  will  be  demonstrated  that  the  design  of  PSSs  based  upon  the  P-Vr  con¬ 
cept  inherendy  damps  both  types  of  modes. 

Although  each  power  station  is  represented  by  a  single  composite  generator  formed  from 
the  nu  units  in  service,  it  is  often  necessary  to  represent  the  individual  machines  in  the  sta¬ 
tion.  Because  the  PSS  tuning  techniques  do  not  direcdy  determine  the  nature  of  the  intra¬ 
station  modes  (i.e.  modes  of  oscillation  between  machines  in  a  single  power  plant),  the  ef¬ 
fects  of  the  PSS  tuning  on  these  modes  are  examined  in  Section  10.8  to  assess  their  charac¬ 
teristics.  If  the  damping  of  the  intra-station  modes  is  poor,  it  will  be  necessary  to  determine 
what  action  needs  to  be  taken  to  remedy  the  problem. 

Normally  the  main  emphasis  is  placed  on  the  dynamic  performance  of  the  multi-machine 
power  system  following  large-signal  disturbances.  Such  disturbances  are  major  faults  on  the 
system,  switching  of  heavily-loaded  transmission  lines,  the  tripping  of  a  generator,  the  loss 
of  a  significant  load,  etc.  Notwithstanding  the  non-linear  nature  of  the  limiting  action  of 
controllers  immediately  following  the  fault,  the  dynamic  performance  is  determined  by  the 
non-linear  nature  of  differential-algebraic  equations.  The  question  arises:  what  is  the  rele¬ 
vance  and  significance  of  small-signal  analysis  to  the  analysis  and  understanding  of  large-sig¬ 
nal  dynamic  behaviour?  These  issues  are  investigated  in  Section  10.9  by  examining  the 
transient  response  of  the  14-generator  system  following  the  incidence  of  a  major  fault  in  a 
critical  location.  Furthermore,  interesting  recent  developments  are  establishing  a  “bridge” 
between  small-  and  large-signal  analysis;  this  has  been  achieved  by  including  the  second-or¬ 
der  terms  in  the  Taylor  series  expansion  about  the  steady-state  operating  condition  as  dis- 
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cussed  in  Section  10.9.2.  To  provide  further  understanding  of  the  nature  of  the  system 
behaviour,  concepts  of  “modal  interactions”  and  their  significance  with  respect  to  both 
large-  and  small-signal  dynamic  performance  are  briefly  discussed. 

10.2  A  fourteen-generator  model  of  a  longitudinal  power  system 

The  simplified  system  of  14  power  stations  1 2 3  is  shown  in  Figure  10.1.  It  represents  a  long, 
linear  system  as  opposed  to  the  more  tightly  meshed  networks  found  in  Europe  and  the 
USA.  For  convenience,  the  system  has  been  divided  into  5  areas  in  which  areas  1  and  2  are 
more  closely  coupled  electrically.  There  are  in  essence  4  main  areas  and  hence  3  inter-area 
modes,  as  well  as  10  local-area  modes.  Without  PSSs  installed  on  generators  in  this  system, 
many  of  these  modes  are  unstable. 

For  the  purpose  of  designing  generator  PSSs  in  practice  a  wide  range  of  both  normal  oper- 

9 

ating  conditions  and  contingencies  are  considered.  However,  to  simplify  the  procedures 
for  illustrative  purposes  in  this  and  the  following  chapters,  a  limited  number  of  cases  encom¬ 
passing  a  range  of  fairly  diverse,  normal  conditions  is  employed.  The  encompassing  range  of 

.  .  'X 

operating  conditions  ,  system  loads  and  major  inter-area  flows  are  listed  in  Table  10.1. 


Table  10.1  Six  normal  steady-state  operating  conditions 


Case  1 

Case  2 

Case  3 

Case  4 

Case  5 

Case  6 

Load  Condition 

Heavy 

Medium- 

heavy 

Peak 

Light 

Medium 

Light 

Total  generation  (MW) 

23030 

21590 

25430 

15050 

19060 

14840 

Total  load  (MW) 

22300 

21000 

24800 

14810 

18600 

14630 

Inter-area  flows 

(North  to 
south) 

(South  to 
north) 

(Area  1  to  N 
&S) 

(Area  2  to  N 
&S) 

(N  &  S  to 
Area  1) 

(-Zero 

transfers) 

Area  4  to  Area  2  (MW) 

500 

500 

-500 

-200 

300 

0 

Area  2  to  Area  1  (MW) 

1134 

1120 

-1525 

470 

740 

270 

Area  1  to  Area  3  (MW) 

1000 

1000 

1000 

200 

-200 

0 

Area  3  to  Area  5  (MW) 

500 

500 

250 

200 

250 

0 

1.  In  the  analysis  a  power  station  with  n  units  on-line  is  represented  as  a  single  generator. 
Consequently  the  station  is  often  referred  to  as  a  ‘generator’ 

2.  These  are  referred  to  as  N  and  N-l  conditions  respectively. 

3.  The  term  “encompassing  range  of  operating  conditions”  in  defined  Section  5.1.  It  is 
assumed  that,  for  the  subsequent  analysis,  a  reduced  set  of  steady-state  conditions  are 
selected  which  encompass  those  conditions  for  which  the  stabilizers  are  to  be  tuned. 
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For  the  six  cases  the  ratings  of  generators,  the  number  of  units  on  line,  and  their  real  and 
reactive  power  outputs  are  listed  in  Table  10.2.  The  power  stations  are  designated  *PS_<ar- 
ea  number>,  e.g.  HPS_1  refers  a  power  station  (PS)  called  ‘H’  in  area  1.  Note  that  the  num¬ 
ber  of  units  on-line  in  certain  stations  can  vary  considerably  over  the  range  of  operating 
conditions.  A  number  of  the  units  in  the  hydro  station  HPS_1  can  operate  as  synchronous 
compensators,  or  as  synchronous  motors  driving  pumps  in  a  pump-storage  mode  of  oper¬ 
ation. 


Table  10.2  Generation  conditions  for  six  power  flow  cases. 


Power  Station/Bus 
# 

Rating 

Rated  power  factor 

Case  1 

No.  units 

MW 

Mvar 

Case  2 

No.  units 

MW 

Mvar 

Case  3 

No.  units 

MW 

Mvar 

Case  4: 

No.  units 

MW 

Mvar 

Case  5: 

No.  units 

MW 

Mvar 

Case  6: 

No.  units 

MW 

Mvar 

HPS  1/101 

4 

3 

12 

2 

3 

2 

12  x  333.3  MVA 

75.2 

159.6 

248.3 

0 

-200.0 

0 

0.9  power  factor  lag 

77.9 

54.4 

21.8 

-97.4 

Syn.Cond 

-26.0 

Pumping 

-102.2 

Syn.Cond 

BPS_2  /  20 1 

6 

5 

6 

4 

5 

3 

6  x  666.7  MVA 

600.0 

560.0 

550.0 

540.0 

560.0 

560.0 

0.9  power  factor  lag 

95.6 

38.9 

109.1 

-30.8 

38.7 

-53.5 

EPS2 / 202 

5 

4 

5 

3 

4 

3 

5  x  555.6  MVA 

500.0 

480.0 

470.0 

460.0 

480.0 

490.0 

0.9  power  factor  lag 

132.7 

60.5 

127.6 

-2.5 

67.2 

-7.3 

VPS2 / 203 

4 

3 

2 

3 

2 

3 

4  x  555.6  MVA 

375.0 

450.0 

225.0 

470.0 

460.0 

490.0 

0.9  power  factor  lag 

132.8 

82.4 

157.0 

9.4 

83.1 

3.7 

MPS_2  /  204 

6 

4 

6 

4 

4 

3 

6  x  666.7  MVA 

491.7 

396.0 

536.0 

399.3 

534.4 

488.6 

0.9  power  factor  lag 

122.4 

17.8 

96.5 

-43.6 

55.2 

-61.2 

LPS_3 / 301 

7 

8 

8 

6 

8 

6 

8  x  666.7  MVA 

600.0 

585.0 

580.0 

555.0 

550.0 

550.0 

0.9  power  factor  lag 

142.3 

141.1 

157.6 

16.6 

88.1 

9.4 

YPS  3  /  302 

3 

4 

4 

2 

3 

2 

4  x  444.4  MVA 

313.3 

383.0 

318.0 

380.0 

342.0 

393.0 

0.9  power  factor  lag 

51.5 

63.3 

49.6 

-9.3 

43.8 

-6.9 

TPS_4  /  40 1 

4 

4 

4 

3 

4 

3 

4  x  444.4  MVA 

350.0 

350.0 

350.0 

320.0 

346.0 

350.0 

0.9  power  factor  lag 

128.7 

116.5 

123.2 

-21.9 

84.9 

-32.6 
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Power  Station/Bus 

Case  1 

Case  2 

Case  3 

Case  4: 

Case  5: 

Case  6: 

# 

No.  units 

No.  units 

No.  units 

No.  units 

No.  units 

No.  units 

Rating 

MW 

MW 

MW 

MW 

MW 

MW 

Rated  power  factor 

Mvar 

Mvar 

Mvar 

Mvar 

Mvar 

Mvar 

CPS  4/402 

3 

3 

3 

2 

3 

3 

3  x  333.3  MVA 

279.0 

290.0 

290.0 

290.0 

280.0 

270.0 

0.9  power  factor  lag 

59.3 

31.4 

32.0 

-2.4 

45.4 

4.7 

SPS  4/403 

4 

4 

4 

3 

4 

2 

4  x  444.4  MVA 

350.0 

350.0 

350.0 

320.0 

340.0 

380.0 

0.9  power  factor  lag 

52.3 

47.2 

47.3 

14.2 

46.3 

25.2 

GPS  4/404 

6 

6 

6 

3 

5 

3 

6  x333.3  MVA 

258.3 

244.0 

244.0 

217.0 

272.0 

245.0 

0.9  power  factor  lag 

54.5 

39.8 

40.0 

-3.5 

50.4 

3.9 

NPS  5/501 

2 

2 

2 

2 

2 

1 

2  x  333.3  MVA 

300.0 

300.0 

300.0 

280.0 

280.0 

270.0 

0.9  power  factor  lag 

25.3 

-8.8 

6.5 

-52.5 

-35.2 

-42.2 

TPS  5/502 

4 

4 

4 

3 

4 

4 

4  x  250  MVA 

200.0 

200.0 

180.0 

180.0 

190.0 

200.0 

0.8  power  factor  lag 

40.1 

53.0 

48.8 

-1.8 

0.1 

-9.7 

PPS  5/503 

4 

5 

6 

1 

2 

2 

6  x  166.7  MVA 

109.0 

138.0 

125.0 

150.0 

87.0 

120.0 

0.9  power  factor  lag 

25.2 

36.9 

32.6 

2.2 

3.5 

-11.2 

10.2.1  Power  flow  analysis 

Data  for  the  power  flow  analysis  of  the  six  normal  operating  conditions  given  in  Table  10.1 
are  supplied  in  Appendix  10—1.2.  Included  in  Appendix  10—1.2  are  relevant  results  of  the 
analysis  such  as  reactive  outputs  of  generators  and  SVCs,  together  with  tap  positions  on  gen¬ 
erator  and  network  transformers.  This  information  permits  the  power  flows  to  be  set  up  on 
any  power-flow  platform  and  the  results  checked  against  those  provided  in  this  document. 

10.2.2  Dynamic  performance  criterion 

The  dynamic  performance  criterion  requires 

•  that  all  modes  are  stable; 

•  for  all  normal  and  N-l  system  conditions  the  damping  of  the  electro-mechanical 
modes  is  to  be  such  that  the  associated  halving  times  are  5  s  or  less. 


The  ‘halving  time’  is  defined  as  the  time  for  the  mode  or  its  envelope  to  decay  to  half  its 
initial  amplitude.  The  real  parts  of  the  electro-mechanical  modes  must  therefore  be  less  than 
o  =  -0.139  (since  exp(ct5)  =  0.5)  to  satisfy  the  latter  requirement. 
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10.3  Eigen-analysis,  mode  shapes  and  participation  factors  of  the  14- 
generator  system,  no  PSSs  in  service 

In  order  to  gain  some  insight  into  the  dynamic  performance  and  characteristics  of  the  sys¬ 
tem,  a  series  of  analyses  is  conducted  without  -  and  later  with  -  PSSs  in  service  on  all  gener¬ 
ators. 

10.3.1  Eigenvalues  of  the  system  with  no  PSSs  in  service 

The  preliminary  objective  of  the  eigen- analysis  is  to  identify  the  nature  of  the  unstable  and 
lightly-damped  modes. 

Let  us  consider  the  eigen- analysis  of  Case  1,  a  heavy  load  condition,  in  the  14-generator 
power  system  with  no  PSSs  or  SVC  stabilizers  in  service.  In  this  case  there  are  125  states  and 
consequently  125  modes.  Because  there  are  Ng=  14  generators  in  service  there  are  lVg-l  =  13 
rotor  modes  that  reflect  the  modal  interplay  between  generation.  A  fourteenth  real  or  com¬ 
plex  mode  typically  portrays  the  behaviour  common  to  all  fourteen  rotating  masses  with  re¬ 
spect  to  a  reference  (see  Section  9.2.2). 

For  this  simple  system  the  eigenvalues  are  calculated  using  an  algorithm  that  employs  QR 
factorisation.  The  unstable  modes  are  displayed  either  as  a  listing  of  the  eigenvalues,  or  on 
a  plot  in  the  complex  s-plane.  For  Case  1  such  a  plot,  with  eigenvalue  designations,  is  shown 
in  Figure  10.2  for  a  limited  region  about  the  positive  imaginary  axis. 


Figure  10.2  Plot  of  eigenvalues  for  Case  1,  no  PSSs  in  service 
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Figure  1 0.2  reveals  that  there  are  five  unstable  oscillatory  modes,  one  stable  oscillatory  mode 
that  does  not  satisfy  the  dynamic  performance  criterion  and  seven  other  lightly-damped  os¬ 
cillatory  modes  with  damping  ratios  less  than  0.1. 

Valuable  information  on  the  stability  of  the  modes  is  provided  by  the  eigenvalue  plot  but  it 
does  not  reveal  the  type  or  nature  of  modes.  In  this  case  it  is  desirable  to  identify  all  thirteen 
electro-mechanical  modes,  particularly  those  which  are  unstable  or  are  lightly  damped.  Par¬ 
ticipation  Factor  and  Mode  Shape  Analyses  are  employed  for  this  purpose. 

10.3.2  Application  of  Participation  Factor  and  Mode  Shape  Analyses  to  Case  1 


Consider  in  Figure  10.2  the  unstable,  oscillatory  mode  0.088  +  j 2.60  (designated  ‘Mode  L’). 
Let  us  view  the  plots  not  only  of  the  magnitudes  of  its  participation  factors  (PFs)  but  also 
of  its  mode  shape  (MS);  the  plots  are  shown  in  Figure  10.3. 


DEL  .PPS_5 
W  „PPS_5 
DEL  . TPS_5 
W  .TP5_5 
DEL  .GPS_4 
W  .GPS  A 
a,  W  .MPS_2 
2  DEL  .MP5_2 
.2  W  .BPS  2 
£  DEL  . BPS_2 
=*•  DEL  .NP5_5 
£  W  .NPS_5 
5  W  .EP5_2 
10  DEL  .EPS.2 
DEL  .SPSJ 
N  .5P5_4 
W  .VPS_2 
DEL  .VPS_2 
DEL  .CPS  A 
W  .CPSJ 

0  .02  M  .06  .08  .10  .12 

Participation  Value 
Eigenvalue  (  92)  0.0B81  +  2.6010J 


f1ag0  Angle  Name 


Figure  10.3  Magnitude  of  the  participation  factors  (left)  and  the  mode  shape  (right) 
for  the  unstable  mode  L,  0.088  +  j'2.60  .  No  PSSs  are  in  service. 


(In  the  plot  of  the  participation  factors  ‘W’  and  ‘DEL’  are  the  rotor  speed  and  angle  pertur¬ 
bations,  respectively.) 

Recall  that  the  concepts  of  participation  factors  (PFs)  and  mode  shapes  (MSs)  were  dis¬ 
cussed  in  Chapters  3  and  9.  In  this  case  the  participation  factor  is  the  participation  of  the 
states  in  the  selected  mode  arranged  in  decreasing  values  of  the  magnitude  of  the  PFs.  For 
the  selected  mode  the  mode  shape  is  the  plot  of  the  normalised  magnitude  and  phase  of  the 
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right  speed  eigenvectors  and  reveals,  for  example,  that  a  group  of  generators  swing  with  -  or 
against  -  another  group  of  machines. 

According  to  the  plot  of  the  PFs  in  Figure  10.3  the  two  states,  rotor  speed  and  angle,  of  a 
number  of  generators  dominate  the  involvement  of  the  states  in  mode  L;  this  mode  is  there¬ 
fore  an  electro-mechanical  mode.  There  are  a  total  of  125  states  in  this  system  model.  The 
MS  reveals  that  the  generators  in  Areas  5  and  4  swing  against  those  in  Areas  1  and  2;  the 
participation  factors  of  those  in  Area  3  are  small.  Mode  L  is  therefore  classified  as  an  ‘inter¬ 
area’  mode.  Flowever,  note  that: 

•  although  the  magnitude  of  the  MS  phasor  of  generator  NPS_5  is  the  second  largest, 
the  PF  of  its  speed  state  is  the  twelfth  largest; 

•  as  highlighted  in  Section  9.2.2,  some  care  should  therefore  be  attached  to  interpreting 
the  lengths  of  the  MS  phasors.  The  length  of  the  MS  phasors  for  some  generators  is 
shorter  than  for  others  because  their  inertias  on  system  MVA  base  may  be  signifi- 
candy  greater.  In  Figure  10.3,  for  example,  the  relative  lengths  of  the  MS  phasors  for 
BPS_2  and  PPS_5  are  in  the  ratio  0.274:1,  the  ratio  of  their  inertias  is  2.56:1.  The  most 
useful  feature  of  the  MS  plot  is  therefore  the  relative  phase  information  that  it  pro¬ 
vides. 

•  the  PFs  for  mode  L  are  nearly  real  (e.g.  PF  is  0.101  +y'0.013  for  both  the  speed  and 
rotor  angle  states  of  PPS_5).  When  in  a  later  Chapter  13  we  analyse  the  mode  shift 
contributed  by  the  PSS  of  a  given  generator  we  shall  find  that  the  complex  value  of  its 
PF  plays  a  major  role  [4], 

For  a  second  unstable  mode,  0.1 15  +  y'3.97  ,  the  PF  plot  in  Figure  10.4  reveals  that  this  mode 
is  also  an  electro-mechanical  mode;  the  MS  shows  that  generators  in  Areas  3  and  1  swing 
against  machines  in  Areas  2  and  5.  This  mode,  called  ‘K’,  is  also  an  inter-area  mode. 

For  reference  in  later  studies  the  PFs  and  MS  for  the  third  inter-area  mode  (‘M’)  are  shown 
in  Figure  10.5.  In  this  case  Areas  5,  3  and  2  swing  against  Area  4. 
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Figure  10.4  Participation  factors  and  mode  shape  for  the  unstable  mode  K 
(0.115  +  y'3.97 ),  no  PSSs  are  in  service. 
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Figure  10.5  Case  1.  Participation  factors  and  mode  shape  for  the  inter-area  mode  M 
(-  0.016  +  y‘2.03  ),  no  PSSs  are  in  service. 
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Sec.  10.3  Eigen-analysis,  mode  shapes  and  participation  factors 
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To  determine  the  nature  of  other  lighdy-damped  or  unstable  oscillatory  modes  with  fre¬ 
quencies  between  7  and  1 1  rad/ s,  shown  in  Figure  10.2,  the  plots  of  their  MSs  and  PFs  are 
examined.  Such  plots  are  displayed  in  Figure  10.6;  each  plot  reveals  a  rotor  mode  of  oscilla¬ 
tion.  All  three  are  found  to  be  local-area  modes: 

•  in  mode  -  0.17  +  j  10.4  VPS_2  swings  against  EPS_2; 

•  in  the  unstable  mode  0.1 1  +  y'9.58  SPS_4  swings  mainly  against  CPS_4  and  GPS_4; 

•  in  the  unstable  mode  0.04  +  y'8.96  BPS_2  swings  mainly  against  EPS_2,  VPS_2  and 
TPS_4. 
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Figure  10.6  Case  1.  Participation  factors  and  mode  shapes  for  three  lightly-damped 
modes,  A,  B  &  C,  respectively  [-0.17  +  y  10.4,  0.1 1  +  y'9.58,  0.04  +  y'8.96] ;  the  latter 

two  modes  are  unstable. 


The  behaviour  and  type  of  the  thirteen  electro-mechanical  modes  in  the  fourteen  machine 
system  are  summarised  in  Table  10.3. 

Though  not  shown  in  the  eigen-plot  of  Figure  1 0.2  there  is  an  oscillatory  mode  at  about 
-  1.4  ±y'2.8  which  could  be  of  interest  since  it  lies  in  the  frequency  range  of  the  rotor  modes. 
In  the  PF  plot,  shown  in  Figure  10.7,  it  is  observed  that  the  states  mainly  participating  in  the 
mode  are  associated  with  the  direct  axis  of  the  generators  at  NPS_5,  i.e.  the  field  voltage  and 
the  AYR.  Thus,  this  mode  is  likely  to  be  a  controller  mode  associated  with  the  AYR  and 
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generator  dynamics  of  NPS_5.  Because  such  an  examination  of  the  PFs  of  a  selected  mode 
quickly  establishes  the  nature  of  the  mode,  participation  factor  analysis  proves  to  be  a  very 
useful  tool. 


Table  10.3  Behaviour  and  type  of  the  electromechanical  modes,  Case  1; 

no  PSSs  in  service 


Mode 

Mode  Behaviour 

Mode  Type 

No. 

Real 

Imag 

5 

A 

-0.17 

10.44 

0.02 

VPS_2<— >EPS_2,  BPS_2 

Local  Area 

B 

0.11 

9.58 

-0.01 

SPS_4<— >CPS_4,  GPS_4 

“ 

C 

0.04 

8.96 

-0.01 

EPS_2,  VPS_2<— >BPS_2 

“ 

D 

-0.56 

8.63 

0.06 

NPS_5<— >TPS_5 

“ 

E 

-0.26 

8.37 

0.03 

CPS_4,  SPS_4<— >GPS_4,  TPS_4, 

“ 

F 

-0.61 

8.05 

0.08 

HPS_1,  MPS_2<— >EPS_2,  VPS_2,  LPS_3 

“ 

G 

-0.44 

7.96 

0.06 

MPS_2,  HPS_1  <— >EPS_2,  BPS_2,  VPS_2 

“ 

H 

0.01 

7.81 

-0.00 

TPS_4<-->GPS_4,  SPS_4,  MPS_2 

“ 

I 

-0.19 

7.72 

0.02 

YPS_3,  MPS_2<— >LPS_3,  EPS_2 

“ 

J 

-0.62 

7.43 

0.08 

PPS_5<— >TPS_5,  NPS_5 

Local  Area 

K 

0.12 

3.97 

-0.03 

Area  3  <— >  Area  5,  Area  2 

Inter-area 

L 

0.09 

2.60 

-0.03 

Area  5,  Area  4  <— >  Area  2 

“ 

M 

-0.02 

2.03 

0.01 

Area  5,  Area  3  <— >  Area  4 

Inter-area 

<— >  means  swings  against E,  -  damping  ratio. 

In  ‘Mode  Behaviour’,  generators  or  areas  are  listed  in  descending  order  of  their  participation  factors. 
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X031 .TPS_5 
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0  .10  .20  .30  .40  .50  .60 

Participation  Value 

Figure  10.7  Participation  factor  plot  for  an  oscillatory  mode  that  participates  mainly  in 
states  associated  with  the  direct  axis  of  NPS_5. 


The  analysis  of  the  behaviour  of  the  electro-mechanical  modes  demonstrated  above  for 
Case  1,  Table  10.3,  is  repeated  for  the  other  cases  2  to  6  for  all  PSSs  out  of  service.  In  Tables 
10.4,  10.15  and  10.16  the  modes  for  each  case  are  sorted  such  that  each  row  contains  the 
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modes  of  the  same  behaviour  and  type.  For  example,,  in  Table  10.4  the  modes  ‘J’  in  row  10 
for  Cases  3  and  4,  -  0.58  ±  j 7.62  and  -  0.19  ± y'7.20 ,  respectively,  are  modes  in  which  the 
same  generators  are  the  main  participants  and  both  are  local-area  modes.  This  type  of  infor¬ 
mation  will  prove  useful  in  a  later  chapter. 

Table  10.4  Rotor  modes  of  oscillation  and  damping  ratios,  Cases  3  and  4, 
peak  and  light  loads.  No  PSSs  in  service 


Mode 

No. 

Case  3.  Peak  load 

Case  4.  Light  load 

Real 

Imag 

Real 

Imag 

A 

-0.38 

11.11 

0.03 

0.20 

10.48 

-0.02 

B 

0.10 

9.56 

-0.01 

0.03 

9.67 

-0.00 

C 

-0.30 

9.02 

0.03 

-0.17 

9.37 

0.02 

D 

-0.58 

8.66 

0.07 

-0.51 

8.52 

0.06 

E 

-0.18 

8.48 

0.02 

-0.18 

8.78 

0.02 

F 

-0.13 

6.31 

0.02 

-1.54 

8.28 

0.18 

G 

-0.14 

8.26 

0.02 

-0.56 

8.58 

0.07 

H 

-0.19 

7.91 

0.02 

-0.43 

8.21 

0.05 

I 

-0.08 

7.38 

0.01 

-0.21 

8.28 

0.03 

J 

-0.58 

7.62 

0.07 

-0.19 

7.20 

0.03 

IC 

0.01 

4.08 

-0.00 

0.17 

4.74 

-0.03 

L 

0.02 

2.67 

-0.01 

0.02 

3.57 

-0.01 

M 

-0.03 

2.05 

0.01 

-0.01 

2.68 

0.00 

E,  is 

the  damping  ratio 

10.4  The  P-Vr  characteristics  of  the  generators  and  the  associated 
synthesized  characteristics 

The  basis  for  the  P-Vr  characteristics  is  outlined  and  illustrated  in  Chapter  5  for  single-ma¬ 
chine  infinite-bus  systems.  The  extension  for  their  application  to  multi-machine  systems  is 
explained  and  illustrated  in  Section  9.4.  This  section  highlights  the  calculation  of  the  P-Vr 
characteristics,  an  examination  of  their  forms,  and  the  synthesis  of  a  P-Vr  characteristic  rep¬ 
resenting  a  set  of  P-Vrs  of  a  particular  generator. 


For  each  of  the  14  generators  the  P-Vr  characteristics  are  determined  (with  all  shaft  dynam¬ 
ics  disabled)  and  are  shown  in  each  of  Figures  10.8  to  10.21  for  the  six  operating  conditions; 
each  characteristic  is  in  per  unit  on  the  generator  rating  given  in  Table  10.23.  These  charac¬ 
teristics,  determined  with  all  shaft  dynamics  disabled,  are  calculated  using  a  software  package 
for  the  analysis  of  the  small-signal  dynamic  performance  and  control  of  large  power  systems 
[5], 
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To  avoid  unnecessary  complexity  it  should  be  noted  in  this  analysis  that  the  limited  number 
of  encompassing  operating  conditions  on  which  the  power  flows  -  and  thus  the  P-Vr  char¬ 
acteristics  -  are  based  are  normal  operating  conditions.  In  practice,  the  P-Vr  characteristics 
for  a  relevant  encompassing  set  of  contingency  conditions  must  be  included  in  the  deter¬ 
mining  the  synthesized  characteristic. 

Examination  of  Figures  10.8  to  10.21  reveals  that,  over  the  modal  frequency  range  of  1  to 
1 5  rad/ s,  the  bands  of  P-Vr  characteristics  1  for  any  generator  under  normal  operating  con¬ 
ditions  may  possess  the  following  features: 

•  Magnitude  plots:  The  width  of  the  bands  is  typically  less  than  6  dB;  the  variation  about 
a  characteristic  lying  in  the  centre  of  the  band  is  therefore  ±3  dB  or  less. 

•  Phase  plots:  The  maximum  width  of  the  bands  at  the  relevant  frequency  is  typically 
less  than  15°  ;  the  variation  about  a  central  characteristic  is  thus  7.5°  or  less. 


-  Case  1  Case  2  —  -  Case  3 

Case  5  —  -  Synthesized  PVr 


-  Case  1  Case  2  —  -  Case  3 

-  Case  4  —  -  Case  5  -  Case  6 

x — k  Synthesized  PVr 


Figure  10.8  P-Vr  Xstics,  HPS_1  Figure  10.9  P-Vr  Xstics,  BPS_2 


1.  The  word  “characteristics”  is  shortened  to  “Xstics”  in  the  following  figure  captions. 
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Frequency  ( rad/ s ) 


-  Case  1  Case  2  —  -  Case  3 

-  Case  4  —  -  Case  5  -  Case  6 

x — x  Synthesized  PVr 

Figure  10.10  P-Vr  Xtics,  EPS_2 


Frequency  (rad/s) 


-  Case  1  Case  2  —  -  Case  3 

-  Case  4  —  -  Case  5  Case  6 

x — x  Synthesized  PVr 

Figure  10.12  P-Vr  Xtics, VPS_2 


Frequency  (rad/s) 

-  Case  1  Case  2  —  -  Case  3 

-  Case  4  —  -  Case  5  -  Case  6 

x — x  Synthesized  PVr 


Figure  10.11  P-Vr  Xtics,  MPS_2 


Frequency  (rad/s) 

-  Case  1  Case  2  —  -  Case  3 

-  Case  4  —  -  Case  5  -  Case  6 

x — x  Synthesized  PVr 

Figure  10.13  P-Vr  Xtics,  LPS_3 
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Frequency  (rad/s) 


Frequency  (rad/s) 


-  Case  1  Case  2  —  -  Case  3 

-  Case  4  —  -  Case  5  -  Case  6 

x — x  Synthesized  PVr 


-  Case  1  Case  2  —  -  Case  3 

-  Case  4  —  -  Case  5  -  Case  6 

x — x  Synthesized  PVr 


Figure  10.14  P-Vr  Xtics,  YPS_3 


Figure  10.15  P-Vr  Xtics,  CPS_4 


-  Case  1  Case  2  —  -  Case  3 

-  Case  4  —  -  Case  5  -  Case  6 

x — x  Synthesized  PVr 


-  Case  1  Case  2  —  -  Case  3 

-  Case  4  —  -  Case  5  -  Case  6 

x — x  Synthesized  PVr 


Figure  10.16  P-Vr  Xtics,  GPS_4  Figure  10.17  P-Vr  Xtics,  SPS_4 
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Frequency  (rad/s) 


-  Case  1  Case  2  —  -  Case  3 

-  Case  4  —  -  Case  5  Case  6 

x — k  Synthesized  PVr 


Frequency  (rad/s) 


-  Case  1  Case  2  —  -  Case  3 

-  Case  4  —  -  Case  5  -  Case  6 

x — x  Synthesized  PVr 


Figure  10.18  P-Vr  Xtics,  TPS_4 


Figure  10.19  P-Vr  Xtics,  NPS_5 


Frequency  (rad/s) 


-  Case  1  Case  2  —  -  Case  3 

-  Case  4  —  -  Case  5  -  Case  6 

x — x  Synthesized  PVr 

Figure  10.20  P-Vr  Xtics, TPS_5 

For  each  set  of  generator  P-Vr  characteristics 
based  on  the  following: 


Frequency  (rad/s) 


-  Case  1  Case  2  —  -  Case  3 

-  Case  4  —  -  Case  5  -  Case  6 

x — x  Synthesized  PVr 


Figure  10.21  P-Vr  Xtics,  PPS_5 
a  synthesized  P-Vr  characteristic  is  derived 
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•  The  synthesized  characteristic  is  a  best  fit  of  a  generator’s  P-Vr  characteristics  for  the 
range  of  cases  examined  over  the  modal  frequency  range  of  interest,  1.5  to  15  rad/s. 
As  outlined  in  Section  5.10.6.1  the  ‘best  fit’  characteristic  for  these  studies  is  consid¬ 
ered  to  be  that  lying  in  the  centre  of  the  magnitude  and  phase  bands  formed  by  the  P- 

1 

Vr  characteristics  . 

•  If  particular  P-Vr  characteristics  tend  to  lie  outside  the  bands  formed  by  the  majority 
of  the  characteristics,  the  synthesized  P-Vr  may  be  offset  towards  the  band  formed  by 
the  majority  (e.g.  see  Figures  10.17  and  10.19).  However,  weighting  of  P-Vrs  depends 
on  knowledge  of  the  system,  the  contingencies  and  engineering  judgement. 

The  transfer  function  of  the  synthesized  P-Vr  characteristic,  PVR(s),  for  each  of  the  14  gen¬ 
erators  is  given  in  Table  10.5. 

In  several  figures,  e.g.  Figures  10.12  and  10.21  for  generators  VPS_2  and  PPS_5  respective¬ 
ly,  the  bands  of  the  low-frequency  responses  for  the  magnitude  plots  are  much  wider  than 
those  in  other  figures,  e.g.  Figure  10.20  for  TPS_5.  An  examination  of  the  generation  con¬ 
ditions  for  the  six  power  flow  cases  in  Table  10.2  reveals  that  the  generator  real  power  out¬ 
puts  vary  from  45%  to  98%  of  rated  real  power  for  VPS_2,  and  60%  to  100%  for  PPS_5; 
on  the  other  hand,  the  variation  for  TPS_5  is  much  smaller,  90-100%.  These  observations 
are  consistent  with  those  in  Section  5.11  and  Figure  5.16,  namely,  that  the  low-frequency 
magnitude  response  (the  gain)  of  the  P-Vr  characteristic  decreases  as  the  real  power  output 
of  the  generator  is  reduced.  This  phenomenon  is  explained  in  Section  9.4.1.  It  is  shown  that 
the  gain  of  the  P-Vr  characteristic  varies  only  with  the  scalar  gain  v^0,  the  steady-state  d-axis 
component  of  the  terminal  voltage,  but  retains  its  shape  over  the  range  of  operating  condi¬ 
tions.  At  rated  power  output  v^0  is  relatively  large,  but  tends  to  zero  as  the  real  power  output 
is  reduced.  However,  from  70%  to  100%  of  real  power  output  the  magnitude  characteristic 
is,  for  practical  purposes,  lie  within  a  band  of  less  than  ±3  dB  from  the  Design  Case  .  (Sim¬ 
ilarly,  at  constant  real  power  output  the  magnitude  of  the  gain  decreases  as  the  reactive  pow¬ 
er  output  is  varied  from  maximum  leading  to  maximum  lagging  power  factor.  See  Tables 
9.7  and  9.8). 

The  more-or-less  invariant  nature  of  the  phase  responses  of  the  P-Vr  characteristics  is  also 
explained  in  Section  9.4.1. 


1.  A  least  squares  estimation  procedure,  or  the  MATLAB  Signal  Processing  Toolbox  rou¬ 
tine  ‘invfreqs.m’,  can  be  employed  to  determine.the  parameters  for  the  synthesized  trans¬ 
fer  function. 

2.  ‘Design  Case’  is  defined  in  Section  5.10.6.1. 
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Table  10.5  Transfer  functions  of  synthesized  P-Vr  characteristics,  PVR(s ) 


Generation 

PVR(s) 

HPS_1 

PVR(s)  =  1.3/ (1  +  50.373  +s20.0385) 

BPS_2 

PVR(s)  =  3. 6/(1  +  50.128  +s20.0064) 

EPS_2 

PVR(s)  =  4.3/[(l +s0.286)(l+50.111)(l +s0.040)] 

MPS_2 

PVR(s)  =  3.0/[(l  +.?0.01)(1  +50.1  +520.0051)] 

VPS2 

PVR(s)  =  3. 5/[(  1 +.?0.0292)(1  +50.0708)] 

LPS3 

PVR(s)  =  1. 6/(1 +5O.I68 +520.0118) 

YPS3 

PVR{s)  =  3.35/[(l +50.05)(  1  +50.509  +  520.132)] 

CPS4 

PVR(s)  =  4.25  /  [  ( 1  +  50.278 )  ( 1  +50.100)] 

GPS4 

PVR(s)  =  3. 3/(1  +50.115  +520.00592) 

SPS_4 

PVR(s)  =  3. 16/(1  +50.0909  +520.00207) 

TPS4 

PVR(s)  =  2. 8/[(l +50.208)(1  +50.208)] 

NPS5 

PVR(s)  =  5.13(1 +50.3)/[(l +50.033)2(1  +50.3  +520.111)] 

TPS5 

PVR(s)  =  3.4/[(l +50.500)(1  +50.0588)(1  +50.0167)] 

PPS5 

„  5.62(1  +50.350)(1  +50.0667) 

{'S)  (1  +50.02)(1  +50.167)(1  +50.187)(1  +50.2) 

10.5  The  synthesized  P-Vr  and  PSS  transfer  functions 

Because  the  forms  of  the  transfer  functions  of  the  synthesized  P-Vr  transfer  functions  -  and 
consequently  those  of  the  PSS  compensation  and  low-pass  filters  -  vary  significantly  be¬ 
tween  generators,  it  is  instructive  to  list  the  parameters  that  have  been  evaluated  for  all  PSSs. 


The  parameters  of  the  compensation  transfer  function  of  the  PSS  are  based  on  those  of  the 
synthesized  P-Vr  transfer  function  given  by  (5.45).  However,  a  more  general  form  of  the 
synthesized  function,  which  includes  (say)  additional  poles  and  zeros  as  required  by  the  form 
of  the  design-case  P-Vr,  is 


H 


PVrS, 


(*)  =  kri 


(1+^/n) 


(l+cus  +  c2is2)(l+sTal)... 


The  transfer  function  of  the  associated  speed  PSS,  the  structure  of  which  is  shown  in 
Figure  10.22,  incorporates  the  compensation  transfer  function  and  the  other  elements  as  de¬ 
scribed  by  (10.1),  i.e. 
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HPSSi(s}  ki 
where 


sT 


Wi 


1  +sT, 


Wi 


Kci 


( l+cus  +  c2is2)(l+sTaU] )... 


(l+^h.). 


(10.1) 


Kci  =  1  Ska- 


Washout  Damping 

Filter  Gain 


Figure  10.22  Structure  of  the  PSS  for  analysis  and  design  purposes 


The  damping  gain,  the  compensation  transfer  function  and  the  low-pass  filter  can  be  includ¬ 
ed  in  the  one  structure  if  the  relevant  number  and  type  of  blocks  are  provided  in  the  PSS. 
Blocks  which  can  accommodate  complex  poles  and  zeros  are  desirable  in  the  PSS  structure, 
as  will  be  seen  from  the  form  of  PSS  transfer  functions  in  (10.4)  and  (10.6)  below. 


The  damping  gain  for  all  PSSs  is  assumed  to  be  £(-  =  20  pu  on  generator  MVA  rating,  a  val¬ 
ue  that  is  assumed  to  be  a  medium  value  of  gain.  Similarly,  in  all  PSSs  the  washout  time  con¬ 
stant  Tw  is  set  at  7.5  s.  Its  corner  frequency  of  0.133  rad/ s  is  more  than  a  decade  below  the 
lowest  inter-area  modal  frequency  of  about  2  rad/ s;  the  phase  lead  it  introduces  at  the  latter 
frequency  is  therefore  small,  less  than  5° .  Omitting  the  damping  gain  kj  and  the  washout 
filter,  the  compensation  transfer  function  and  the  low-pass  filter  are  combined  in  the  fol¬ 
lowing  transfer  function  (TF),  i.e. 


HM)  =  Kc 


(l+cus  +  c2is2)(l+sTal)... 
(l+sTbu)...(l+sTu)(l+sT2i)../ 


(10.2) 


However,  for  simplicity  and  illustrative  purposes  in  this  example  the  time  constants  of  the 
low-pass  filters  are  all  selected  to  be  0.00667  s;  the  associated  corner  frequency  is  150  rad / 

s  1 .  The  reason  for  the  selection  of  the  value  of  the  corner  frequency  is  to  reduce  phase  lags 
introduced  by  the  filter  on  the  phase  lead  provided  by  the  compensation  at  the  frequencies 
of  the  local-area  modes,  e.g.  for  three  low-pass  filter  poles  the  filter  contributes  a  phase  lag 
of  11°  at  10  rad/ s.  These  issues  have  been  discussed  in  more  detail  for  the  single  machine 
case  in  Sections  5.8.5  and  5.8.6. 


Form  of  the  third-/fourth-order  compensation  TF  having  real  zeros,  and  a  low-pass  fdter: 
Based  on  (10.2)  the  form  of  this  TF  follows  in  (10.3);  its  parameters  are  listed  in  Table  10.6. 


1.  For  illustrative  purposes  the  very  short  time  constants  (6.7  ms)  of  the  low-pass  filter  are 

used  here  to  minimise  its  influence  in  the  range  of  modal  frequencies.  However,  such 
time  constants  should  typically  be  3  or  more  times  the  cycle  time  of  the  PSS  processor  to 
reduce  phase  errors  at  higher  frequencies. 
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Hc{s)  =  Kc- 


1  +ST 


1  +sT„ 


1  +sTb  1  +sTc  1  +sTd 
1  +  sTf  l+sTg  l+sTh 


(10.3) 


Table  10.6  Compensation  and  LP  Filter  Parameters 
for  PSS  based  on  (10.3). 


Generator 

Kc 

T 

ia 

Tb 

T 

xc 

Td 

T 

Tf 

T 

1g 

Th 

EPS_2 

0.233 

0.286 

0.111 

0.040 

0 

0.00667* 

0.00667* 

0.00667* 

0 

PPS_5 

0.178 

0.200 

0.187 

0.167 

0.020 

0.350 

0.0667 

0.00667* 

0.00667* 

TPS_5 

0.294 

0.500 

0.0588 

0.0167 

0 

0.00667* 

0.00667* 

0.00667* 

0 

*  Low-pass  filter  parameters 

Form  of  the  fourth-order  compensation  TF  having  real  and  complex  zeros,  and  a  low-pass  filter: 
Based  on  (10.2)  the  form  of  this  TF  is: 


H  (  )  =  K  -  +  S^a  1  +s^b  1  +  as  +  bs 2 

~  c'  1  +sTd  1  +sTe  '  (1  +sTf){\  +sTg)' 

The  associated  parameters  are  given  in  Table  10.7: 


(10.4) 


Table  10.7  Compensation  and  LP  Filter  Parameters 
for  PSS  based  on  (10.4) 


Generator 

Kc 

T 

1a 

Tb 

a 

b 

Td 

T 

Tf 

T 

1g 

MPS_2 

0.333 

0.010 

0 

0.10 

0.0051 

0.00667* 

0 

0.00667* 

0.00667* 

YPS_3 

0.298 

0.050 

0 

0.5091 

0.1322 

0.00667* 

0 

0.00667* 

0.00667* 

NPS_5 

0.195 

0.033 

0.033 

0.30 

0.1111 

0.300 

0.00667* 

0.00667* 

0.00667* 

*  Low-pass  filter  parameters 

Form  of  the  second-order  compensation  TF  having  real  zeros,  and  a  low-pass  fdter. 
The  form  of  this  low-order  TF  is: 


Hfs)  =  Kc  ■ 


1+sT 


1  +*Tb 
1  +sTf 


(10.5) 


Its  parameters  are  provided  in  Table  10.8. 
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Table  10.8  Compensation  and  LP  Filter  Parameters 
for  PSS  based  on  (10.5) 


Generator 

Kc 

T 

Tb 

T  * 

1e 

Tf 

TPS_4 

0.357 

0.2083 

0.2083 

0.00667 

0.00667 

CPS_4 

0.235 

0.2777 

0.1000 

0.00667 

0.00667 

VPS_2 

0.286 

0.0708 

0.0292 

0.00667 

0.00667 

*  Te  and  Tf  are  low-pass  filter  parameters 

Form  of  the  second-order  compensation  TF  having  complex  spros,  and  a  low-pass  filter 

The  TF  is: 

i  ,  2 

Tf  (  \  _  K  1  +  as  +  bs 

c'  {\+sTe)(\  +  sTf)' 


(10.6) 


Table  10.9  Compensation  and  LP  Filter  Parameters 
for  PSS  based  on  (10.6) 


Generator 

Kc 

a 

b 

T  * 

Le 

Tf 

HPS_1 

0.769 

0.3725 

0.03845 

0.00667 

0.00667 

BPS_2 

0.278 

0.1280 

0.00640 

0.00667 

0.00667 

LPS_3 

0.625 

0.1684 

0.01180 

0.00667 

0.00667 

GPS_4 

0.303 

0.1154 

0.005917 

0.00667 

0.00667 

SPS_4 

0.316 

0.0909 

0.002067 

0.00667 

0.00667 

*  Te  and  Tf  are  low-pass  filter  parameters 

10.6  Synchronising  and  damping  torque  coefficients  induced  by  PSS 
i  on  generator  i 

The  concepts  of  synchronising  and  damping  torques  coefficients  are  explained  in  the  con¬ 
text  of  the  single-machine  system  in  Sections  5.3  and  5.10.6.3.  The  basis  for  the  application 
of  the  same  concepts  in  the  multi-machine  case  is  explained  in  Section  9.5  to  assess  the  syn¬ 
chronizing  and  damping  torque  coefficients  developed  by  PSS  i  on  generator  i.  The  object 
of  the  following  analysis  is  to  determine  if  the  PSS  transfer  function  kiGcj(J(i>f)  is  consistent 

with  its  design  basis,  i.e.  HpVr  (j(of)[kiGci(j(Oj)]  ~  kj  +  j 0  (eqn.  (9.19)),  over  the  modal  fre- 
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quency  range  for  the  selected  operating  condition.  In  other  words,  recalling  that  kt  is  also  a 
damping  torque  coefficient,  is  the  desired  per  unit  damping  gain  kt  of  PSS  i  realized? 

The  relevant  part  of  Figure  9.1 1  is  shown  in  Figure  10.23  in  which  the  rotor  dynamics  on  all 
generators  are  disabled. 


Figure  10.23  Model  of  generator  i  fitted  with  a  PSS  in  a  multi-machine  power  system; 
shaft  dynamics  on  all  machines  are  disabled. 


The  damping  torque  coefficient  is  defined  in  Section  5.3  and  applies  to  generator  i  in 
Figure  10.23: 


kdi  = 


5R 


APe/(/'ro/-) 

ACOjO'COy) 


(10.7) 


Firstly,  with  the  path  through  Sje|  in  Figure  1 0.23  closed,  and  Spgg  open,  let  us  examine  the 
inherent  frequency  responses  of  the  torque  coefficients  A P  ■/ Aro^  for  several  generators  in 
the  fourteen-generator  system  when  the  individual  machines  are  either  heavily  or  lightly 
loaded  (see  Tables  10.2  and  10.10).  The  responses  are  shown  in  Figure  10.24  in  per  unit  on 
generator  base. 


As  anticipated  in  Section  9.5,  at  high  and  low  frequencies  the  frequency  response  character¬ 
istically  rolls  off  at  20  dB/decade  and  exhibits  a  constant  phase  of  -90°.  Over  the  range  of 
modal  frequencies,  however,  the  phase  varies  about  -90°  implying  that  the  inherent  damp¬ 
ing  torque  coefficient  is  negative  when  the  phase  is  less  than  -90° ,  and  positive  when  greater 
than  -90°.  Unlike  the  P-Vr  characteristics,  it  appears  that  it  is  not  possible  to  characterize 
the  variation  of  the  damping  torque  coefficients;  as  foreshadowed  in  Section  9.5  the  torque 
coefficients  depends  mainly  on  the  steady-state  conditions  of  the  generator. 
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Table  10.10  Generator  loading  and  study  case-numbers 


Units 

Heavily  loaded 

Lightly  loaded 

Case 

Number  & 
output* 

Case 

BPS_2 

1 

6  @  100% 

4 

4  @  90% 

VPS_2 

6 

3  @  98% 

3 

2  @  45% 

PPS_5 

4 

1  @  100% 

5 

2  @  58% 

*  Number  of  equally  loaded  units  on-line  and  percentage  of 
rated  real  power  output 


Frequency  (rad/s) 


BPS_ 

2 

Case 

1 

Hy - 

Case 

4 

Lt 

VPS_ 

2 

Case 

6 

Hy - 

Case 

3 

Lt 

PPS_ 

_5 

Case 

4 

Hy 

Case 

5 

Lt 

Figure  10.24  Frequency  responses  of  the  inherent  torque  coefficients  AP  ei/  A«>i  when 
the  unit  is  either  heavily  (Hy)  or  lightly  (Lt)  loaded  (in  pu  on  unit  rating) 

Secondly,  let  us  examine  separately  the  frequency  responses  of  the  inherent  and  the  PSS-in- 
duced  synchronmng  and  damping  torque  coefficients  for  generators  whose  inherent  torque 
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coefficients  are  negative  at  low  frequencies.  For  the  calculations  the  shaft  dynamics  are  dis¬ 
abled  and,  as  above,  in  the  case  of  the  inherent  torque  coefficients  the  PSS  path  is  open.  For 
the  PSS-induced  synchronizing  and  damping  torque  coefficients  the  rotor-angle  path  is 
open  and  the  PSS  path  closed  (see  Figure  10.23).  The  responses  are  shown  in  Figure  10.25 
for  two  generators  for  the  operating  condition  Case  1;  the  coefficients  are  in  per  unit  on  gen¬ 
erator  rating. 


Frequency  (rad/s) 


-  EPS_2  PSS  only  —  —  EPS_2  Inherent 

-  LPS_3  PSS  only  -  LPS_3  Inherent 

Figure  10.25  Case  1.  Synchronizing  and  damping  torque  coefficients  for  EPS_2  (5x555.6 
MV A)  and  LPS_3  (7x666.7  MV A);  the  coefficients  are  in  per  unit  on  generator  base. 


Over  the  range  of  modal  frequencies,  1.5  to  15  rad/s,  the  following  are  observed  from 
Figure  10.25. 

(i)  The  PSS  gain  is  more-or-less  flat  at  the  desired  damping  gain  setting  of  20  pu  on  gener¬ 
ator  MVA  rating;  the  deviations  from  20  pu  are  typically  accounted  for  by  the  factors  listed 
in  Section  5.10.6.3.  (Thus  the  question  raised  at  the  beginning  of  this  section  (is  the  damping 
gain  kt  realized?)  -  is  successfully  answered.) 

(ii)  For  each  machine  the  positive  damping  torque  coefficient  induced  by  the  PSS  swamps 
the  inherent  negative  damping  torque  coefficient. 

(iii)  It  is  desirable  to  attenuate  the  PSS  output  signal  at  higher  frequencies  to  avoid  exciting 
torsional  modes  at  50  rad/ s  or  greater.  This  is  achieved  by  means  of  an  integral-of-acceler- 
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ating-power  PSS  (see  Section  8.5);  other  types  of  PSSs  may  require  the  use  of  torsional 
notch-filters  as  mentioned  in  Chapter  8. 

The  significance  of  the  above  analysis  and  observations  is  that  they  confirm  -  or  provide  a 
check  -  that  the  PSS  transfer  function  designed  for  each  machine  is  being  realized. 

It  will  be  shown  that  more  meaningful  information  on  synchronizing  and  damping  torque 
coefficients  can  be  derived  through  ‘Modal  Induced  Torque  Coefficients’  -  which  are  the 
subject  of  Chapter  12. 

10.7  Dynamic  performance  of  the  system  with  PSSs  in  service 

10.7.1  Assessment  of  dynamic  performance  based  on  eigen-analysis 

PSSs  are  assumed  installed  on  all  generators  in  each  of  the  power  stations.  Two  units  only 
are  on-line  at  HPS_1  in  Cases  4  and  6  and  are  operating  as  synchronous  compensators.  In 
Case  5,  however,  three  units  at  HPS_1  are  operating  as  pumps  with  their  PSSs  in  service. 
Due  to  the  motoring  action  in  the  latter  case  the  sign  on  the  PSS  output  for  HPS_1  units  is 
negated. 

The  damping  gain  on  each  PSS  is  set  to  20  pu  on  generator  MVA  rating.  In  Table  10.1 1  is 
shown  the  values  of  the  modes  of  rotor  oscillation  for  a  heavy  and  a  light  load  condition, 
Cases  1  and  4,  with  the  PSSs  out  of  and  in  service.  Also  shown  are  mode  shifts  and  damping 
ratios  for  each  of  the  modes.  The  corresponding  set  of  results  are  provided  for  remaining 
cases  in  Tables  10.15  and  10.16. 

It  is  instructive  to  track  the  shifts  in  the  rotor  modes  as  the  PSS  damping  gains  are  jointly 
increased  from  zero  to  150%  of  the  damping  gain  of  20  pu  on  machine  MVA  rating.  For 
Cases  1  to  6  the  modes  shifts  for  each  of  modes  A  to  M  are  tracked  in  Figure  1 0.26  as  the 
damping  gain  on  all  unit  is  increased  in  25%  (5  pu)  steps;  the  value  of  1 00%  corresponds  to 
20  pu  on  machine  MVA  rating.  The  plots  in  the  figure  are 

(a)  Case  1  (heavy  load), 

(b)  Case  2  (medium-heavy  load), 

(c)  Case  3  (peak  load), 

(d)  Case  4  (light  load), 

(e)  Case  5  (medium  load),  and 

(f)  Case  6  (light  load). 

See  Table  10.3  for  the  details  of  the  nature  and  types  of  modes  A  to  M. 


Table  10.11  Rotor  modes  and  modes  shifts  for  heavy  and  light  loads,  Cases  1  and  4. 
All  PSS  damping  gains  are  20  pu  on  generator  MVA  rating.. 


No. 

* 

Case  1.  Heavy  load 

Case  4.  Light  load  t 

No  PSSs 

All  PSSs  in  service 

Mode  Shift 

No  PSSs 

All  PSSs  in  service 

Mode  Shift 

Real 

Imag 

5 

Real 

Imag 

Real 

Imag 

Real 

Imag 

5 

Real 

Imag 

5 

Real 

Imag 

A 

-0.17 

10.44 

0.02 

-2.19 

10.39 

0.21 

-2.02 

-0.06 

0.20 

10.48 

-0.02 

-2.37 

10.77 

0.22 

-2.57 

0.29 

B 

0.11 

9.58 

-0.01 

-1.98 

9.74 

0.20 

-2.09 

0.16 

0.03 

9.67 

-0.00 

-2.16 

9.95 

0.21 

-2.19 

0.29 

C 

0.04 

8.96 

-0.01 

-1.93 

9.29 

0.20 

-1.97 

0.33 

-0.17 

9.37 

0.02 

-2.27 

9.81 

0.23 

-2.10 

0.44 

D 

-0.56 

8.63 

0.06 

-2.51 

8.86 

0.27 

-1.95 

0.22 

-0.51 

8.52 

0.06 

-2.49 

8.83 

0.27 

-1.98 

0.30 

E 

-0.26 

8.37 

0.03 

-1.95 

8.26 

0.23 

-1.69 

-0.11 

-0.18 

8.78 

0.02 

-2.27 

8.79 

0.25 

-2.09 

0.01 

F 

-0.61 

8.05 

0.08 

-1.97 

8.49 

0.23 

-1.36 

0.44 

-1.54 

8.28 

0.18 

-1.69 

8.17 

0.20 

-0.15 

-0.11 

G 

-0.44 

7.96 

0.06 

-1.87 

7.76 

0.23 

-1.44 

-0.21 

-0.56 

8.58 

0.07 

-2.50 

9.06 

0.27 

-1.94 

0.48 

H 

0.01 

7.81 

-0.00 

-1.78 

7.64 

0.23 

-1.79 

-0.17 

-0.43 

8.21 

0.05 

-2.28 

8.28 

0.27 

-1.85 

0.07 

I 

-0.19 

7.72 

0.02 

-2.06 

7.87 

0.25 

-1.87 

0.15 

-0.21 

8.28 

0.03 

-2.55 

8.44 

0.29 

-2.34 

0.17 

J 

-0.62 

7.43 

0.08 

-1.89 

7.59 

0.24 

-1.26 

0.16 

-0.19 

7.20 

0.03 

-1.32 

7.49 

0.17 

-1.13 

0.29 

K 

0.12 

3.97 

-0.03 

-1.04 

3.64 

0.28 

-1.16 

-0.33 

0.17 

4.74 

-0.03 

-1.08 

4.58 

0.23 

-1.25 

-0.16 

L 

0.09 

2.60 

-0.03 

-0.39 

2.40 

0.16 

-0.47 

-0.20 

0.02 

3.57 

-0.01 

-0.56 

3.32 

0.17 

-0.59 

-0.25 

M 

-0.02 

2.03 

0.01 

-0.52 

1.80 

0.28 

-0.51 

-0.23 

-0.01 

2.68 

0.00 

-0.59 

2.51 

0.23 

-0.58 

-0.17 

*  Mode  Number.  is  the  damping  ratio.. 


t  In  Case  4  the  PSS  of  HPS_1  is  OFF  as  the  machine  operates  as  a  synchronous  compensator. 


Ln 

O 
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Real  Part  (Np/s) 


Real  Part  (Np/s) 


Figure  10.26  Tracking  of  rotor  modes  for  values  of  PSS  damping  gain  0  to  1 50%  (30  pu) 
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It  is  noted: 

1.  the  modes,  particularly  the  local-area  modes,  shift  more-or-less  horizontally  to  the 
left  in  the  complex  5-plane; 

2.  the  extent  of  the  left  shift  is  least  for  the  peak  and  heavily-loaded  conditions,  and 
most  for  the  light-load  cases; 

3.  for  a  given  Case  and  a  selected  mode  the  extent  of  the  left  shift  for  each  25%  incre¬ 
ment  in  damping  gain  is  fairly  uniform;  the  amount  of  the  left  shift  for  the  selected 
mode  varies  from  Case  to  Case; 

4.  items  1  to  3  above  satisfy  the  definition  for  robustness  in  item  3  of  Section  1 .2; 

5.  a  variation  to  items  1  to  3  above  applies  to  the  inter-area  mode  L.  The  increment  in 
the  left  shift  progressively  reduces  at  the  higher  values  of  the  damping  gains;  this 
phenomenon  will  be  discussed  in  Chapter  14  (there  is  inadequate  damping  support 
for  mode  L).  Employing  the  P-Vr  concept  to  determine  the  parameters  for  decen¬ 
tralized  PSSs  is  shown  in  the  above  studies  to  improve  the  damping  performance  of 
both  the  local-  and  inter-area  modes.  It  will  be  demonstrated  in  Chapter  1 3  that  the 
smaller  increments  in  the  mode  shift  of  the  inter-area  modes  with  PSS  gain  are  due 
(i)  the  smaller  values  of  the  participation  factor  of  generators  participating  in  the 
mode,  and  (ii)  the  affect  of  interactions  between  their  PSSs  [4], 

10.7.2  Assessment  of  dynamic  performance  based  on  participation  and  mode- 
shape  analysis 

It  is  interesting  to  establish  if  the  nature  of  the  rotor  modes  for  this  system  have  changed 
between  the  case  when  all  PSSs  are  out  of  service  to  that  when  all  are  in  service  with  the 
damping  gain  set  to  20  pu  on  machine  MVA  rating. 

The  participation  factor  and  mode  shape  plots  for  representative  modes  are  therefore  re-ex¬ 
amined  for  Case  1 ,  the  medium-heavy  load  condition  for  the  system.  The  plots  for  an  inter¬ 
area  mode  and  a  set  of  three  local-area  modes  are  shown  in  Figures  10.27  and  10.28,  respec¬ 
tively. 

The  mode  shapes  in  both  figures  reveal  that  the  nature  of  the  four  modes  has  not  changed 
from  the  case  when  the  PSSs  are  out  of  service  (see  Figures  10.4  and  10.6).  For  example,  for 
the  inter-area  mode  the  Area  3  generators  continue  to  ‘swing  against’  generators  in  Areas  5 
and  2.  However,  a  comparison  of  the  participation  plots  with  PSSs  out  and  in  service  in  the 
four  figures  demonstrates  that,  with  the  PSSs  in  service,  the  following  states  associated  with 
the  action  of  the  PSSs  participate  noticeably: 

•  internal  states  in  the  PSSs  (e.g.  x081); 

•  field  voltage  (EF); 

•  voltage  behind  d-axis  transient  reactance  (Eq’). 
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Participation  Value  Eigenvalue  (  122)  -1.044  +  3.639GJ 

Figure  10.27  Case  1 .  Participation  factors  and  mode  shape  for  the  inter-area  mode  K 
(-  1 .04  +  y'3.64 )  when  all  PSS  damping  gains  are  set  to  20  pu.  (Compare  with  Figure  10.4) 
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Figure  10.28  Case  1 .  Participation  factors  and  mode  shapes  for  the  local-area  modes 
A  (-  2.19  +  y  10.4),  B  (-  1.98  +  ./9.74),  and  C  (-  1.93  +  y'9.29); 

PSSs  in  service,  damping  gains  are  20  pu.  (Compare  with  Figure  10.6) 
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10.7.3  Assessment  of  dynamic  performance  based  on  time  responses 

The  transient  responses  of  a  two-mass  spring  system  to  an  initial  condition  which  only  ex¬ 
cites  a  single  mode  are  demonstrated  in  Figures  9.3  and  9.4.  As  an  example  of  the  same  con¬ 
cept  applied  to  the  dynamics  of  a  multi-machine  power  system  let  us  consider  the  case  of  a 
stable,  lightly-damped  system  when  the  PSS  damping  gains  for  Case  1  are  each  set  to  5  pu 
on  machine  MVA  rating.  This  low  gain  setting  is  chosen  because  the  oscillatory  nature  of 
the  responses  will  be  more  pronounced  than  at  higher  gains. 


The  plot  of  the  rotor  modes  for  Case  1  with  increasing  gain  is  shown  in  Figure  10.26(a).  Let 
us  consider  the  inter-area  mode  labelled  ‘M’  associated  with  a  PSS  damping  gain  25%  (5  pu); 
the  value  of  this  mode  is  -  0.144  ±  j  1.98  .  The  initial  conditions  for  the  transient  response 
are  the  real  parts  of  all  elements  of  the  right  speed  eigenvector;  none  of  the  control  inputs 
is  excited.  The  mode  shape  for  this  scenario  and  the  transient  response  of  representative  ma¬ 
chines  which  are  the  most  responsive  in  this  mode  are  shown  in  Figure  10.29. 


Name  Mag.  Angle 


PPS  5  -  NPS  5  GPS  4 


Eigenvalue  (  13G)  -0.1 44  +  1.9758J 


-©  CPS  4 


LPS  3 


YPS  3 


(a) 


(b) 


Figure  10.29  Case  1 .  PSS  damping  gains  5  pu  on  machine  MVA  rating. 

(a)  Mode  shape  for  the  inter-area  mode  M  (-  0.144  ±  j  1.9 8 ). (Compare  with  Figure  10.5) 

(b)  Time  responses  of  rotor  speed  perturbations  for  initial  conditions  comprising  the  real 

parts  of  all  elements  of  the  right  speed  eigenvector. 


The  nature  of  the  transient  response  reflects  the  relative  phase  and  magnitude  information 
provided  not  only  by  the  mode  shape  but  also  confirms  the  values  of  the  real  and  imaginary 
parts  of  the  complex  eigenvalue  (by  rate  of  decay  and  frequency  of  oscillations).  The  relative 
magnitude  and  phase  relationships  apply  for  all  t  >  0 .  Thus,  as  emphasized  earlier,  these 
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tools  provide  valuable  aids  for  the  rapid  assessment  of  the  characteristics  of  the  dynamic  be¬ 
haviour  of  the  system. 

An  alternative  method  of  exciting  mainly  this  mode  in  an  analysis  of  the  transient  response 
is  to  apply  small  step  changes  in  mechanical  power  to  appropriate  generating  units.  In  this 
case,  guided  by  the  mode  shape,  step  increases  in  power  are  applied  to  units  which  swing 
together  in  phase  and  step  decreases  in  power  to  those  that  swing  together  in  anti-phase. 
The  magnitudes  of  the  steps  must  be  adjusted  to  accentuate  the  mode  of  interest  and  to  re¬ 
duce  the  influence  of  other  modes  which  might  also  be  excited,  such  as  some  local  area 
modes.  The  sum  of  the  positive  and  negative  changes  in  mechanical  power  should  amount 
to  zero. 


Time  (s) 

-  k  =  0  -  k  =  5  -  k  =10 

-  k  =15  -  k  =20 

Figure  10.30  Case  6,  light  load  operating  condition.  Simulated  time  responses  for  a  step 
change  in  reference  voltage  on  the  single  generator  on-line  and  under  test  at  SPS_4.  The  PSS 
damping  gain  (k)  is  varied  from  0  to  20  pu  on  machine  MVA  rating;  all  other  PSS  gains  are 

set  to  20  pu. 

In  commissioning  a  PSS  the  recording  of  the  time  responses  of  generator  outputs  to  small 
step  changes  in  the  generator’s  reference  voltage  is  often  used  to  verify  that  the  parameters 
of  the  PSS  have  been  correctly  set.  Such  verification  is  conducted  by  comparing  the  meas¬ 
ured  response  with  those  of  the  time  responses  predicted  by  simulation.  For  illustrative  pur¬ 
poses,  the  nature  of  the  time  responses  for  a  set  of  step  changes  are  displayed  in  Figure  10.30 
for  a  range  of  gain  settings  on  the  PSS  of  a  generator  at  SPS_4  when  only  the  unit  on  test  at 
the  generating  station  is  on-line  under  a  light  load  condition.  The  damping  gains  on  the  latter 
PSS  are  varied  from  zero  to  20  pu  (100%)  on  machine  MVA  rating;  the  damping  gains  of  all 
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other  PSSs  are  set  to  20  pu.  For  a  given  setting  of  the  PSS  damping  gain  the  superimposed 
step  responses  from  the  commissioning  test  and  that  derived  from  simulation  should  agree 
closely. 

10.8  Intra-station  modes  of  rotor  oscillation  [6],  [7] 

In  the  previous  studies  and  the  associated  eigen-analysis  the  generators  in  a  power  station 
have  been  treated  as  a  single  generator  which  is  assumed  to  represent  the  number  of  identi¬ 
cal,  equally-loaded  units  on-line. 

In  the  studies  all  units  within  a  power  station  could  have  been  individually  represented. 
However,  for  our  purposes  this  would  added  complexity  to  both  the  analysis  and  assessment 
of  results.  In  practice,  representation  of  individual  units  may  be  necessary,  (i)  if  the  loadings 
on  individual  unit  differs  markedly  for  different  operating  conditions,  (ii)  if  there  are  ma¬ 
chines  of  different  rating  and  parameters  in  the  station,  and  (iii)  in  order  to  understand  the 
nature  of  the  intra-station  modes  and  how  the  PSS  tuning  affects  these  modes.  If  there  are 
m  machines  in  a  station,  there  are  m  -  1  modes  of  rotor  oscillations;  we  will  refer  to  these 
as  the  intra-station  or  inter-machine  modes. 

In  Table  10.12  are  shown  the  three  intra-station  modes  when  the  four  unequally  loaded  units 
at  SPS_4  and  PPS_5  are  represented  individually  for  the  heavy  load  condition,  Case  1 .  The 
three  intra-station  modes  in  each  station  are  well  damped  when  all  machine  PSSs  are  set  to 
20  pu  on  machine  MVA  rating;  the  values  of  the  other  1 3  modes,  both  local-area  and  inter¬ 
area,  are  close  to  those  given  in  Table  1 0.1 1  for  Case  1 .  The  frequencies  of  the  intra-station 
modes  for  the  SPS_4  machines  are  significant  higher  than  all  other  rotor  modes,  primarily 
because  the  inertia  constant  of  each  unit  is  relatively  low  at  2.6  MWs/MVA.  On  the  other 
hand,  the  frequencies  of  the  intra-station  modes  for  the  PPS_5  machines  are  relatively  lower, 
the  inertia  constant  of  each  unit  being  greater  at  7.5  MWs/MVA. 

By  means  of  the  participation  factors  and  mode  shapes  the  nature  of  the  intra-station  modes 
is  demonstrated  in  Figure  10.31  for  SPS_4.  Unit  #1  in  SPS_4  predominantly  swings  against 
the  other  three  machines  in  the  case  of  mode  105.  For  mode  107  SPS_4  unit  #2  swings 
mainly  against  machine  #3  whilst  for  mode  109  unit  #4  swings  mainly  against  machine  #3. 
Because  of  the  level  of  the  damping  gain  of  the  PSSs,  the  PSS  and  d-axis  states  participate 
more  markedly  in  these  modes. 

For  a  light-load  condition,  Case  4,  three  units  at  SPS_4  are  in  service  and  one  at  PPS_5  (see 
Table  10.2).  From  a  comparison  of  light  and  heavy  load  conditions  in  Tables  10.13  and 
10.12,  respectively,  it  is  noted  that  the  two  intra-station  modes  for  SPS_4  are  comparable. 


Imaginary  Part  State  Variable 


508 


PSS  Tuning  in  Multi-Machine  Systems  Ch.  10 


Table  10.12  Case  1:  Heavy  load.  Intra-station  modes  for  four  units 
at  SPA_4  and  PPS_5. 


Generator 

Generator  output 

Inter-machine  modes 

MW 

Mvar 

PSSs  off 

PSSs  on  t 

Mode  shift 

SPS_4  no.  1 

400 

58.3 

0.08  ±7' 12.2 

0.21  ±  y  12.2 

0.33  ±j  12.2 

-2.75  ±713.6 

-2.78  ±713.6 

-2.79  ±713.5 

-2.83  ±71.42 

-2.99  ±71.41 

—  3.12  ±71.38 

SPS_4  no.  2 

367 

54.4 

SPS_4  no.  3 

333 

50.7 

SPS 4  no.  4 

300 

47.4 

PPS_5  no.  1 

149 

30.2 

0.43  ± y7.25 

0.81+77.17 

-  1.10+77.05 

-  1.34  ±77.43 

-  1.57  ±77.40 

-  1.81  ±77.22 

-0.91  ±70.18 

-  0.76  ± 70.22 

-0.71  ±70.17 

PPS_5  no.  2 

122 

26.7 

PPS_5  no.  3 

96 

24.0 

PPS_5  no.  4 

69 

21.9 

t  All  PSS  damping  gains  set  to  20  pu  on  machine  MVA  rating 

(  105)  -2.745  +  13.G45J 


(  107)  -2.777  +  13.E04J 


(  109)  -2.789  +  13.545J 
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Figure  10.31  Case  1.  Participation  factors  and  mode  shapes  for  intra-station  modes 
-  2.75  +  j  13.6  ,  -  2.78  +  j  13.6  and  -  2.79  +  j  13.5  for  4  units  on-line  at  SPS_4. 

All  PSS  damping  gains  are  all  set  to  20  pu. 
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Table  10.13  Case  4:  Light  load.  Intra-station  modes 
for  the  three  units  at  SPS_4 


Generator 

Generator  output 

Intra-station  modes 

MW 

Mvar 

PSSs  off 

PSSs  on  + 

Mode  shift 

SPS_4  no.  1 

330 

4.5 

0.20  ± y  12.0 
0.24  ± y'12.0 

-2.79  ±y  13.3 
-2.80  ±y' 13.3 

-2.99±7'1.36 
-  3.04  ±  7 1.35 

SPS_4  no.  2 

320 

3.4 

SPS_4  no.  3 

310 

2.4 

t  All  PSS  damping  gains  set  to  20  pu  on  machine  MVA  rating 


Note  that  the  PSS  design  procedure  based  on  the  P-Vr  characteristic  does  not  explicitly  at¬ 
tempt  to  shift  the  intra-station  modes  directly  to  the  left  in  the  complex  s-plane.  For  the 
SPS_4  units,  from  the  condition  in  Table  10.12  when  all  PSSs  are  off  to  that  when  all  PSSs 
are  in  service  and  damping  gains  set  to  20  pu,  there  is  a  marked  increase  in  modal  frequency 
in  the  intra-station  mode  shifts  (i.e.  by  ~  1.4  rad/s);  however,  such  a  mode  shift  does  not 
apply  to  the  intra-station  modes  for  the  four  PPS_5  units  (~  0.20  rad/s).  As  a  matter  of 
course  in  the  design  process  the  effects  of  PSS  tuning  on  the  intra-station  modes  should  be 
assessed  to  ensure  they  are  adequately  damped,  and  that  there  are  no  unexpected  interac¬ 
tions  between  controllers. 

The  design  of  an  ancillary  controller  specifically  to  damp  the  intra-station  modes  is  proposed 
in  [8], 

10.9  Correlation  between  small-signal  dynamic  performance  and  that 
following  a  major  disturbance 

In  Section  1.10  the  question:  “how  small  is  small”  in  small-signal  analysis  is  discussed.  In 
practice,  of  particular  concern  is  the  stability  and  dynamic  performance  of  the  power  system 
following  a  major  disturbance,  i.e.  a  “large-signal”  disturbance.  To  name  a  few  examples, 
such  disturbances  are  faults,  tripping  of  a  large  generators,  the  opening  of  transmission  lines, 
the  loss  of  significant  loads.  It  is  important  to  realize  that  the  nature  of  the  responses  fol¬ 
lowing  a  major  disturbance  correlates  with  the  performance  predicted  from  small-signal 
analysis,  particularly  after  limiting  action  by  controllers  has  ceased.  In  other  words,  small- 
signal  analysis  provides  significant  insights  into,  and  understanding  of,  the  nature  of  the 
large-signal  dynamic  performance  -  or  the  transient  stability  -  of  the  system. 

10.9.1  A  transient  stability  study  based  on  the  fourteen-generator  system 

We  shall  examine  the  dynamic  behaviour  of  the  simplified  fourteen-generator  system  of 
Figure  10.1  to  a  three-phase  fault  at  a  major  busbar  on  the  high-voltage  side  of  a  large  power 
station,  i.e.  busbar  #206  at  BPS_2.  Because  there  is  no  line  switching  or  other  system  chang¬ 
es  associated  with  this  busbar  fault,  which  is  cleared  in  0.120  s,  the  system  configuration  and 
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steady-state  operating  conditions  in  the  post-  and  pre-fault  periods  are  the  same.  The  system 
modes  are  therefore  unchanged. 


In  order  to  reveal  features  of  the  dynamic  responses  following  the  clearance  of  the  fault,  the 
low  value  of  the  damping  gain  of  5  pu  on  machine  MVA  rating  is  adopted  for  all  the  PSSs. 
As  is  seen  in  Table  10.14  or  Figure  10.26(a)  for  Case  1,  a  heavy  load  condition,  the  system 
is  stable  and  the  real  parts  of  the  rotor  modes  lie  between  -0.05  and  -1.00.  The  mode  behav¬ 
iour  shown  in  the  table  does  not  differ  significantly  from  that  of  Table  10.3  when  all  PSSs 
are  out  of  service. 

Table  10.14  Behaviour  and  type  of  the  rotor  modes,  Case  1; 
damping  gain  of  PSSs  is  5  pu. 


Mode 

Mode  Behaviour 

Mode  Type 

No. 

Real 

Imag 

A 

-0.68 

10.47 

0.065 

VPS_2<— >EPS_2 

Local  Area 

B 

-0.39 

9.65 

0.041 

SPS_4<— >CPS_4,  GPS_4 

“ 

C 

-0.42 

9.06 

0.046 

BPS_2<— >EPS_2,  VPS_2 

“ 

D 

-1.00 

8.73 

0.114 

NPS_5<— >TPS_5 

“ 

E 

-0.68 

8.38 

0.081 

CPS_4,  SPS_4<— >TPS_4,  GPS_4, 

“ 

F 

-0.88 

8.27 

0.106 

HPS_1,  EPS_2<— >MPS_2,  LPS_3 

“ 

G 

-0.81 

7.80 

0.103 

HPS_1,  MPS_2<— >EPS_2,  BPS_2 

H 

-0.40 

7.82 

0.052 

TPS_4<— >GPS_4,  SPS_4,  MPS_2 

“ 

I 

-0.64 

7.83 

0.082 

YPS_3,  MPS_2,  HPS_1  <— >LPS_3,  EPS_2 

J 

-0.92 

7.48 

0.123 

PPS_5<— >TPS_5,  NPS_5 

Local  Area 

K 

-0.18 

3.93 

0.046 

Area  3  <— >  Area  5,  Area  2 

Inter-area 

L 

-0.05 

2.57 

0.021 

Area  4,  Area  5  <— >  Area  2 

“ 

M 

-0.14 

1.98 

0.073 

Area  5,  Area  3  <— >  Area  4 

Inter-area 

<— >  means  swings  against  ...\  Generators  or  areas  are  listed  under  ‘Mode  Behaviour’  are  in 

descending  order  of  their  participation  factors. 


The  responses  of  speed  perturbations  about  synchronous  speed  following  the  incidence  of 
the  three-phase  fault  are  shown  in  Figure  10.32  for  selected  generators.  As  stated,  the  fault 
occurs  at  the  330  kV  bus  at  BPS_2  (bus  206)  and  is  cleared  in  0.120  s.  The  responses  are 
divided  into  three  time  intervals  so  that  the  various  features  of  the  modal  behaviour  in  each 
interval  can  be  examined;  the  time  intervals  are  (a)  0  to  7  s,  (b)  7  to  16  s,  (c)  16  to  30  s.  (Note 
the  changes  of  scales  on  both  axes.) 


Rotor  speed  perturbations  (pu) 
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BPS_2  -  EPS_2  -  GPS_4 

LPS  3  -  HPS  1  PPS  5 


Figure  10.32  Rotor  speed  perturbations  of  selected  generators  following  a  3-phase  fault 
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During  the  interval  0  to  4  s  the  responses  shown  in  Figure  10.32(a)  for  selected  rotor  speed 
perturbations  is  dominated  by  the  mode  C,  -  0.42  ± y'9.06  ,  subject  to  the  caveat  discussed 
later.  The  phase  relationship  between  the  principal  participants  in  the  response  appears  close 
to  that  predicted  by  the  mode  shape  in  Figure  10.33.  Although  remote  from  the  faulted  bus, 
PPS_5  is  excited  by  the  inter-area  mode  L,  -0.05±y'2.57  ,  in  which  machines  in  Area  #2  also 
participate,  as  revealed  in  Figure  10.33.  The  same  comment  applies  to  LPS_3  with  respect 
to  the  inter-area  mode  K,  -  0.18  ±  j 3.93  . 


During  the  interval  7  to  14  s  shown  in  Figure  10.32(b)  the  responses  principally  associated 
with  mode  C,  -  0.42  ± y'9.06  ,  decay  away  and  merge  into  the  modal  behaviour  revealed  in 
the  mode  shape  in  Figure  10.33  for  the  inter-area  mode  L,  -0.05±y2.57  .  After  16  s,  except 
for  LPS_3,  the  machines  participate  in  the  slowly  decaying  mode  L,  with  a  5%  settling  time 
of  ~56  s.  LPS_3  continues  to  participate  in  the  more  rapidly-decaying  mode  K, 
-0.18±y'3.93  ,  (see  Figure  10.33(c)). 
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Figure  10.33  Participation  factors  and  mode  shapes  for  the  principal  modes  in  the  re¬ 
sponse,  the  local- area  mode  C  (-  0.42  +  y'9.06)  and  the  inter- area  modes  K  (-  0.18  +  y'3.93  ) 
and  L  (-  0.05  +  y'2.57 );  all  PSS  damping  gains  in  Case  1  are  all  set  to  5  pu  on  machine  MVA 
rating.  (<*PS_area>  refers  to  all  generators  in  the  numbered  area.) 


10.9.1.1  Benefits  of  small-signal  analysis  of  large  power  systems 

This  example  demonstrates  how  small-signal  analysis  complements  that  based  on  transient 
stability  studies. 
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The  above  example  reveals  the  important  features  of  small-signal  analysis,  that  is,  it  furnish¬ 
es  not  only  an  understanding  of  the  underlying  modal  structure  of  the  power  system  and  but 
also  provides  insights  into  a  system's  dynamic  characteristics  that  cannot  easily  be  derived 
from  time-domain  simulations  for  large  magnitude  disturbances.  It  is  the  case  in 
Figure  10.33  that  only  a  few  of  the  thirteen  modes  appear  to  be  excited;  the  nature  and  lo¬ 
cation  of  the  fault  does  not  significantly  excite  the  local-area  modes  outside  the  faulted  area 
at  all.  Understanding  the  nature  of  the  small-signal  modal  behaviour  therefore  yields  a  syn¬ 
optic  view  of  the  system  characteristics  which  would  require  many  large-signal  studies  of 
faults  in  different  locations  to  gain  similar,  but  not  exact,  information  [9]. 

Knowledge  of  the  behaviour  of  certain  local  and  inter-area  modes  has  revealed  the  nature 
of  the  responses  of  the  speed  states  following  a  major  disturbance  on  the  system.  However, 
as  stated  earlier,  the  behaviour  of  the  system  is  highly  non-linear  during  the  initial  phase  of 
the  response.  During  the  first  0.6  s  certain  exciters  reach  their  ceiling  voltages  and  some 
PSSs,  together  with  most  SVCs,  hit  limits  on  their  outputs.  In  the  context  of  the  magnitude 
of  rotor  speed  oscillations,  the  question  is  asked  in  Section  1.10,  “how  small  is  small?”.  The 
peak  amplitudes  of  the  speed  perturbations  in  Figure  10.32(a)  are  1.5  to  2%  which  are  not 
small.  The  functional  non-linearities  come  into  play  and  therefore  the  small-signal  analysis 
is  based  is  not  strictly  accurate.  In  the  following  section  the  applicability  and  validity  of  the 
small-signal  analysis  that  has  been  conducted  in  this  section  is  reviewed. 

10.9.2  The  analysis  of  modal  interactions  [10],  [11],  [12] 

As  has  been  discussed  earlier,  small-signal  analysis  is  based  on  the  first-order  approximation 
of  the  non-linear  power  system  equations,  both  differential  and  algebraic,  about  a  steady- 
state  operating  condition.  Strictly  speaking,  such  analysis  is  valid  as  the  perturbations  in  var¬ 
iables  become  vanishingly  small.  Consequently,  once  limiting  by  controllers  has  ceased  fol¬ 
lowing  a  large-magnitude  disturbance,  techniques  based  on  linear  analysis  are  unlikely  to 
provide  accurate  information  on  the  dynamic  behaviour  of  the  system  when  the  variations 
in  system  variables  is  large.  This  is  likely  to  be  valid  particularly  for  so-called  stressed  condi¬ 
tions  in  which  the  system  is  heavily  loaded  and/ or  the  system  performance  is  bordering  on 
instability  in  the  period  immediately  following  the  disturbance. 

In  [10]  the  significance  and  application  of  extending  first-order  (linear)  system  analysis  to 
include  the  second-order  terms  is  reviewed.  The  Taylor  series  expansion  about  the  steady- 
state  operating  condition  now  includes  both  the  first-  and  second-order  terms,  but  no  third- 
or  higher-order  terms.  Based  on  the  second-order  form  of  the  expansion  for  a  state  equa¬ 
tion,  and  employing  Normal  Form  analysis,  it  is  shown  in  [10]  that  the  ith  state  equation  can 
be  expressed  as: 

n  n  r  n  n 

Xjt  /  (A.t+A,z)f 

tW  =  Z  vifjOe  '  +  Z  vij  Z  Z  h2kizkozioe 

7  =  1  7  =  1  U  =  1  /  =  1 


(10.8) 
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where  Xj ,  Xk  and  Xj  are  ‘conventional’  eigenvalues  of  the  state  matrix  A  ;  v;/-  is  an  element 
of  the  right  eigenvector  corresponding  to  the  eigenvalue  or  mode  Xj ;  is  a  function  of 

the  initial  conditions;  h2,kl  is  a  function  of  l/(Xk  +  Xl-Xj) ,  Xk  +  Xj  —  Xj  0  . 

Equation  (10.8)  reveals  the  relation  between  the  state  variables  x  ft) ,  the  first-order  system 
modes  X  j . . .  X  ,  and  the  second-order  modes, 

(^i  +^i),  (A,i  +  X,2),  (Xn_  i  +XJ,  (Xn  +  Xn) . 

Note  the  following: 

•  The  terms  associated  with  the  mode  pairs  Xk+Xl  represent  “modal  interactions”  that 
arise  due  to  the  inclusion  of  the  second-order  terms. 

•  The  second-order  terms  supplement  information  provided  from  the  first-order  linear 
approximation  of  the  power  system  equations. 

•  If  the  system  is  stable,  the  second-order  mode  Xk+Xl  lies  to  the  left  of  either  of  its 
constituent  modes,  Xk  or  X,,  in  the  complex  s- plane;  it  therefore  decays  more  rapidly 
than  either  of  the  individual  modes. 

•  The  “interaction  coefficients”,  of  the  exponential  terms  Xk  +  Xl  in  (10.8) 

provide  a  measure  of  the  participation  of  any  of  the  mode  pairs  in  the  state  variable. 

Firstly,  for  the  first-  and  second-order  modes  discussed  in  the  following,  let  us  assume  the 
linear  coefficient  term,  v^-z-q,  and  the  interaction  coefficients  in  (10.8)  are  not  negligible. 

Secondly,  we  will  assume  X  -  =  -  a  ■  +  yoo  ■  and  X  -  +  ]  — yoo  ■  are  the  complex  conjugate 

pair  of  the  dominant  first-order  mode,  normally  an  inter-area  mode.  When  k  =  j  and  1  =  j 
in  (10.8),  the  mode  pair  Xk  +  Xl  =  -  2a j  +  j2.ti>j ;  likewise  when  k=j+  1  and  I  =  j  +  1  ,  the 
mode  pair  Xk  +  Xl  =  -2a--j2ti>j.  Thus,  due  to  modal  interactions,  a  second-order  mode  of 

double  the  frequency  and  double  the  damping  constant  of  the  first  order  mode  is  introduced 
into  the  response;  significantly,  however,  it  decays  in  half  the  settling  time  of  the  linear  mode. 
Thirdly,  let  us  assume  there  is  some  other,  more  heavily  damped  first-order  mode  present, 
Xrr+l  =  -a+.j(or.  When  k=j  and  l  =  r  in  (10.8),  the  second-order  mode  pair 

Xk  +  Xj  =  — (a  -  +  ar)  +  y ( C0y  +  ror)  is  introduced.  Thus  the  resulting  complex  second-order 
mode  will  be  of  higher  frequency  than  the  dominant  first-order  mode  and,  because  ar  >  a ,  ■ , 
it  will  decay  with  a  settling  time  of  less  than  half  the  settling  time  of  the  linear  mode. 
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-  BPS-2  -  EPS-2  -  MPS-2 

-  SPS-4  -  HPS-1  PPS-5 

Figure  10.34  Case  1 .  Responses  of  rotor  angles  of  selected  generators  to  a  three-phase 
fault  at  the  hv  bus  at  the  terminals  of  the  transformers  at  BPS_2  cleared  in  0.250  s.  Angles 
are  relative  to  that  of  LPS_3.  All  PSS  gains  set  to  20  pu  on  machine  MVA  rating. 

The  transient  response  of  the  rotor  angles  of  generators  is  shown  in  Figure  10.34  for  a  three- 
phase  fault  at  bus  #206,  the  high-voltage  bus  at  the  terminals  of  the  generator  transformers 
at  BPS_2.  The  system  conditions  are  the  same  as  those  in  Figure  10.32  except  the  fault  clear¬ 
ing  time  has  been  increased  from  120  ms  to  250  ms.  The  system,  which  is  marginally  stable 
with  rotor  angle  differences  across  the  system  reaching  260°  at  about  1  s,  is  heavily  stressed 
in  the  immediate  post-fault  period.  The  essential  point  of  the  analysis  in  this  section  is  that  in 
this  period,  during  or  after  which  no  limiting  by  controllers  occurs,  one  should  be  aware  that 
second-order  modes  of  some  significance  may  arise.  However,  because  such  modes  are  bet¬ 
ter  damped  than  their  constituent  first-order  modes,  they  tend  to  decay  more  rapidly. 

The  analysis  of  modal  interactions  based  on  Normal  Forms  for  a  large  system  is  compute¬ 
intensive  and  complex,  mainly  because  of  the  size  of  the  system  and  the  number  of  combi¬ 
nations  of  both  the  second-order  modes  Xk  +  Xt  and  the  associated  interaction  coefficients. 
Moreover,  given  the  identical  system  conditions  and  type  of  disturbance,  the  latter  coeffi¬ 
cients  will  vary  depending  on  the  instant  in  the  transient  response  at  which  initial  conditions 
are  selected. 

In  the  particular  cases  of  Figures  10.32  and  10.34  it  is  clear  from  (10.8)  that  the  first-order 
modes  exist  in  the  responses.  However,  without  a  detailed  analysis  based  on  Normal  Forms 
it  is  unclear  what  modal  interactions  are  present,  and  their  magnitude  at  any  instant  -  at  least 
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up  to  one  half  of  the  settling  time  of  the  dominant  mode  when  the  responses  of  second- 
order  modes  k,  +  k,  have  effectively  decayed  away.  From  studies  in  the  literature  it  appears 
that  for  less  stressed  systems  the  effects  of  modal  interactions  dissipate  well  within  the  latter 
time.  For  the  Study  Case  1,  shown  in  Figure  10.32,  this  may  well  be  the  situation.  In  [14], 
[15]  interesting  comparisons  are  made  between  the  transient  response  of  a  stressed  system 
to  major  disturbances  and  the  first-  and  second-order  responses  based  on  the  results  of  Nor¬ 
mal  Form  analysis.  For  the  scenarios  considered  the  second-order  responses  agree  closely 
with  those  derived  from  the  transient  responses  based  on  the  step-by-step  simulation. 

The  above  summary  of  modal  interactions  and  their  significance  is  necessarily  very  brief. 
More  extensive  details  are  provided  in  other  papers  referenced  in  [10],  [14],  [15],  [16]. 

10.10  Summary:  Tuning  of  PSSs  based  on  the  P-Vr  approach 

The  case  study  illustrates  the  basis  and  benefits  of  the  P-Vr  method  but  also  helps  to  identify 
some  of  the  limitations  of  the  basic  design  technique.  (These  limitations  motivate  certain  de¬ 
velopments  which  follow  in  later  chapters.) 

•  The  P-Vr  method  provides  a  systematic  approach  and  a  formal  basis  for  the  design  of 
PSSs.  The  phase  of  P-Vr  characteristics  are,  for  practical  purposes,  more-or-less  invar¬ 
iant  over  the  prudently-selected  set  of  encompassing  operating  conditions  (see 
Section  9.4.1).  At  higher  real  power  outputs,  typically  0.5  to  1  pu  of  rated  power,  the 
magnitude  response  of  the  P-Vr  characteristic  retains  its  shape  and  consistently  lies  in  a 
band  of  ±3  dB  from  the  Design  Characteristic. 

•  These  encompassing  conditions  should  not  only  cover  normal  operation  but  also 
include  various  contingencies,  line  outages,  and  perhaps  some  potentially  extreme 
conditions  in  order  to  ensure  that  the  PSS  is  adequately  tuned. 

•  The  calculation  of  P-Vrs  for  normal  operation  and  for  contingencies  is  easily  auto¬ 
mated,  resulting  in  the  display  of  a  full  set  of  P-Vr  characteristics  and  providing  a  basis 
for  the  synthesizing  of  the  PSS  transfer  function. 

In  tuning  fixed-parameter  PSSs  using  the  P-Vr  approach  the  concept  of  robustness  is  based 
on  the  following  considerations: 

•  There  are  two  important  components  of  a  fixed-parameter  PSS  transfer  function 
kGc(s)  which  are  essentially  decoupled  for  practical  purposes; 

(a)  the  rotor  modes  are  more-or-less  directly  left-shifted  by  the  PSS  com¬ 
pensating  transfer  function  Gc(s )  with  increase  in  the  PSS  damping 
gain,  k; 

(b)  the  extent  of  the  left-shift  of  the  rotor  modes  is  determined  by  the 
damping  gain,  k ; 
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(c)  the  value  of  the  damping  gain  should  be  such  that  the  damping  torque 
contributions  induced  by  the  PSS  swamp  the  negative  inherent  contri¬ 
butions  by  the  generator. 

•  Ideally,  the  incremental  left-shifts  of  the  rotor  modes  are  linearly  related  to  increments 
in  PSS  gain  for  changes  about  selected  nominal  values. 

•  Such  considerations  should  apply  over  the  set  of  encompassing  operating  conditions 
and  an  appropriate  range  of  rotor  modes. 

In  Section  10.7.1,  and  from  an  examination  of  the  modes  shifts  induced  by  the  PSSs  as 
shown  in  Tables  10.11,  10.15  and  10.16,  we  observe  that  the  above  considerations  for  ro¬ 
bustness  are  -  in  essence  -  satisfied.  However,  there  are  two  factors  which  cause  the  a  devi¬ 
ation  from  a  direct  left  shift  of  the  modes,  an  increase  or  decrease  on  modal  frequency  with 
increase  in  damping  gain. 

Firstly,  in  Figure  10.26  it  is  noted  that  mode  shifts  for  the  selected  gain  increment  vary  with 
the  type  of  mode  (e.g.  a  local  mode)  and  the  machines  participating  in  the  mode.  In 
Section  5.9.3  it  is  foreshadowed  that  the  shift  in  the  complex  rotor  mode  Xjt  is  given  by 

AK=  -P~YfT  '  HPVr(h)  ■  Gc^h)  ■  Ak ,  ((5-36)  repeated)  (10.9) 

where  Ak  is  an  increment  in  the  damping  gain  of  the  PSS  and  p(^/?)  is  the  complex  partic¬ 
ipation  factor  of  the  generator’s  speed  state  in  the  mode  ,  evaluated  with  the  PSS  in  ser¬ 
vice  with  a  damping-gain  setting,  k0 .  It  is  shown  in  Section  13.3  that  p(^/,)  is  essentially  real 
for  generators  participating  strongly  in  the  mode,  but  for  those  participating  with  a  relatively 
small  participation  factor  it  (p (A, /?) )  may  acquire  a  not  insignificant  positive  or  negative  im¬ 
aginary  component.  However,  being  small  the  contribution  by  the  generator  to  the  mode 
shift  A  A.  may  be  minor. 

Secondly,  in  Chapter  1 3  it  is  shown  that  in  the  multi-machine  environment  the  modes  shift 
in  (10.9)  can  either  be  enhanced  or  degraded  by  the  action  of  PSSs  installed  on  other  gener¬ 
ators.  This  is  caused  by  the  production  of  a  positive  or  negative  damping  torque  being  in¬ 
duced  on  generator  i  by  the  action  of  the  PSS  fitted  to  machine  j  [4].  Furthermore,  we 
observe  in  Figure  10.26  that  the  mode  shifts  associated  with  the  inter- area  modes  are  smaller 
than  those  of  the  local  modes.  This  feature  is  also  considered  in  Chapter  13. 

We  have  examined  the  intra-station  modes  and  emphasized  that  their  damping  should  be 
examined  because  information  on  how  the  design  methods  (including  the  GEP  and  Residue 
Methods)  influence  these  modes  is  not  readily  available.  Though  exciter  modes,  which  can 
become  lightly  damped  or  unstable,  have  not  been  examined,  the  same  comments  are  rele¬ 
vant  [6],  [7], 
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Appendix  10— I 

App.  10-1.1  Modes  of  rotor  oscillation  for  Cases  2,  3,  5  and  6 

The  following  Tables  10.15  and  10.16,  together  with  Table  10.11,  show  the  values  of  the  modes  of  rotor  oscillation  for  Cases  1  to  6 
with  the  PSSs  out  and  in  service.  When  the  PSSs  are  in  service,  the  damping  gains  are  all  set  to  20  pu  on  machine  MVA  rating. 

Table  10.15  Rotor  modes  and  modes  shifts  for  medium-heavy  and  peak  loads,  Cases  2  &  3. 

All  PSS  damping  gains  are  20  pu  on  generator  MVA  rating. 


No 

Case  2.  Medium-heavy  load 

Case  3.  Peak  Load 

* 

No  PSSs 

All  PSSs  in  service 

Mode  Shift 

No  PSSs 

All  PSSs  in  service 

Mode  Shift 

Real 

Imag 

5 

Real 

Imag 

5 

Real 

Imag 

Real 

Imag 

£ 

Real 

Imag 

Real 

Imag 

A 

0.07 

10.74 

-0.01 

-2.40 

10.96 

0.21 

-2.47 

0.22 

-0.38 

11.11 

0.03 

-1.91 

11.24 

0.17 

-1.53 

0.14 

B 

0.10 

9.56 

-0.01 

-2.04 

9.72 

0.21 

-2.14 

0.16 

0.10 

9.56 

-0.01 

-2.04 

9.72 

0.21 

-2.14 

0.16 

C 

-0.25 

9.26 

0.03 

-2.37 

9.64 

0.24 

-2.12 

0.38 

-0.30 

9.02 

0.03 

-2.28 

9.10 

0.24 

-1.98 

0.08 

D 

-0.53 

8.67 

0.06 

-2.49 

8.94 

0.27 

-1.96 

0.27 

-0.58 

8.66 

0.07 

-2.52 

8.91 

0.27 

-1.94 

0.25 

E 

-0.18 

8.48 

0.02 

-2.04 

8.38 

0.24 

-1.86 

-0.10 

-0.18 

8.48 

0.02 

-2.03 

8.38 

0.24 

-1.84 

-0.10 

F 

-0.70 

8.29 

0.08 

-2.44 

8.37 

0.28 

-1.74 

0.08 

-0.13 

6.31 

0.02 

-2.03 

5.91 

0.32 

-1.90 

-0.41 

G 

-0.92 

8.61 

0.11 

-2.81 

8.96 

0.30 

-1.88 

0.35 

-0.14 

8.26 

0.02 

-1.95 

8.49 

0.22 

-1.81 

0.27 

H 

-0.21 

7.93 

0.03 

-2.03 

7.74 

0.25 

-1.82 

-0.19 

-0.19 

7.91 

0.02 

-2.01 

7.73 

0.25 

-1.82 

-0.18 

I 

-0.06 

7.39 

0.01 

-2.02 

7.49 

0.26 

-1.96 

0.11 

-0.08 

7.38 

0.01 

-1.93 

7.53 

0.25 

-1.86 

0.15 

J 

-0.49 

7.57 

0.06 

-1.81 

7.77 

0.23 

-1.33 

0.20 

-0.58 

7.62 

0.07 

-1.93 

7.80 

0.24 

-1.36 

0.18 

K 

0.19 

3.77 

-0.05 

-0.77 

3.54 

0.21 

-0.96 

-0.24 

0.01 

4.08 

-0.00 

-1.12 

3.71 

0.29 

-1.13 

-0.37 

L 

0.05 

2.86 

-0.02 

-0.45 

2.54 

0.17 

-0.50 

-0.32 

0.02 

2.67 

-0.01 

-0.43 

2.42 

0.17 

-0.45 

-0.25 

M 

0.08 

1.92 

-0.04 

-0.43 

1.76 

0.24 

-0.51 

-0.16 

-0.03 

2.05 

0.01 

-0.58 

1.86 

0.30 

-0.55 

-0.19 

* 

Mode  Number 

Q  -  damping 

ratio. 
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Table  10.16  Rotor  modes  and  modes  shifts  for  medium  and  light  loads,  Cases  5  &  6. 
All  PSS  damping  gains  are  20  pu  on  generator  MVA  rating. 


No 

* 

Case  5.  Medium  load 

Case  6.  Light  load 

No  PSSs 

All  PSS  in  service 

Mode  Shift 

No  PSSs 

All  PSS  in  service  t 

Mode  Shift 

Real 

Imag 

Real 

Imag 

c 

Real 

Imag 

Real 

Imag 

Real 

Imag 

C 

Real 

Imag 

A 

0.18 

10.94 

-0.02 

-2.41 

11.26 

0.21 

-2.59 

0.32 

0.28 

10.39 

-0.03 

-2.22 

10.71 

0.20 

-2.49 

0.32 

B 

0.09 

9.57 

-0.01 

-1.99 

9.76 

0.20 

-2.07 

0.19 

0.32 

10.14 

-0.03 

-2.14 

10.65 

0.20 

-2.50 

0.51 

C 

-0.16 

9.17 

0.02 

-2.09 

9.39 

0.22 

-1.90 

0.22 

-0.13 

9.42 

0.01 

-2.07 

10.02 

0.20 

-1.94 

0.59 

D 

-0.50 

8.55 

0.06 

-2.47 

8.83 

0.27 

-1.98 

0.27 

-0.46 

8.74 

0.05 

-2.38 

9.02 

0.26 

-1.93 

0.29 

E 

-0.26 

8.45 

0.03 

-2.02 

8.38 

0.24 

-1.76 

-0.07 

-0.14 

8.58 

0.02 

-2.32 

8.51 

0.26 

-2.18 

-0.07 

F 

-0.52 

7.98 

0.07 

-2.38 

7.97 

0.29 

-1.86 

-0.01 

-1.51 

8.24 

0.18 

-1.70 

8.17 

0.20 

-0.19 

-0.07 

G 

-0.18 

8.70 

0.02 

-2.19 

9.12 

0.23 

-2.01 

0.42 

-0.23 

8.92 

0.03 

-2.52 

9.54 

0.26 

-2.29 

0.62 

H 

0.01 

7.90 

0 

-1.85 

7.81 

0.23 

-1.86 

-0.09 

-0.30 

8.13 

0.04 

-2.08 

8.24 

0.24 

-1.78 

0.11 

I 

-0.16 

7.74 

0.02 

-2.12 

7.87 

0.26 

-1.96 

0.13 

-0.21 

8.29 

0.03 

-2.58 

8.45 

0.29 

-2.37 

0.17 

J 

-0.77 

7.24 

0.11 

-1.86 

7.45 

0.24 

-1.09 

0.21 

-0.36 

7.25 

0.05 

-1.60 

7.55 

0.21 

-1.24 

0.30 

K 

0.19 

4.15 

-0.05 

-0.88 

3.90 

0.22 

-1.08 

-0.25 

0.20 

4.81 

-0.04 

-1.08 

4.64 

0.23 

-1.28 

-0.17 

L 

0.01 

3.12 

-0 

-0.46 

2.89 

0.16 

-0.46 

-0.23 

0.05 

3.55 

-0.02 

-0.57 

3.30 

0.17 

-0.62 

-0.25 

M 

0.06 

2.15 

-0.03 

-0.50 

1.96 

0.25 

-0.56 

-0.20 

0.04 

2.60 

-0.01 

-0.52 

2.45 

0.21 

-0.56 

-0.15 

* 

:  Mode  Number  C,  - 

damping  ratio. 

t  PSSofHPS. 

_t  is  OFF  as  it  operates 

i  as  a  synchronous  compensator  in  this 

case. 

Ln 

bo 
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App.  10—1.2  Data  for  steady-state  power  flow  analysis 

Table  10.17  SVC  bus  numbers,  ratings  and  operating  conditions  for  Cases  1  to  6. 


SVC  name  / 
Bus  No. 

Reactive 

Power 

Ranee 

(Mbase) 

Omax 

Omin 

Case  1 
Voltage 
Mvar 

Case  2 
Voltage 
Mvar 

Case  3 
Voltage 
Mvar 

Case  4 
Voltage 
Mvar 

Case  5 
Voltage 
Mvar 

Case  6 
Voltage 
Mvar 

Mvar  (a),  1 .0  du  voltaae 

ASVC  2  / 
205 

650.0 

430.0 

-220.0 

1.055 

-68.3 

1.055 

41.8 

1.02 

-5.2 

1.045 

-39.3 

1.045 

-118.3 

1.045 

-29.4 

RSVC3  / 

313 

800.0 

600.0 

-200.0 

1.015 

71.4 

1.015 

129.4 

1.015 

158.8 

1.015 

86.7 

1.015 

54.9 

1.015 

54.2 

BSVC4  / 

412 

1430.0 

1100.0 

-330.0 

1.000 

58.2 

1.000 

63.9 

1.000 

83.8 

1.000 

-52.2 

1.000 

22.8 

1.000 

-0.2 

PSVC  5  / 

507 

500.0 

320.0 

-180.0 

1.015 

22.6 

1.040 

36.8 

1.043 

18.0 

1.010 

-4.0 

1.015 

13.8 

1.000 

-3.7 

SSVC_5  / 
509 

550.0 

400.0 

-150.0 

1.030 

10.6 

1.027 

50.2 

1.050 

-63.4 

1.030 

-109.3 

1.030 

-123.8 

1.030 

-109.3 

Note:  System  frequency  is  50  Hz. 


Table  10.18  Switched  Shunt  Capacitor  /  Reactor  banks  (C/R) 
in  service,  Cases  1-6  (Mvar) 


Bus 

Number 

Case  1 

Case  2 

Case  3 

Case  4 

Case  5 

Case  6 

211 

- 

- 

100  C 

- 

- 

- 

212 

400  C 

150  C 

150  C 

400  C 

400  C 

400  C 

216 

300  C 

150  C 

150  C 

300  C 

300  C 

300  C 

409 

60  C 

60  C 

60  C 

60  C 

60  C 

60  C 

411 

30  C 

30  C 

30  C 

30  C 

30  C 

30  C 

414 

30  R 

30  R 

30  R 

30  R 

30  R 

30  R 

415 

60  R 

60  R 

60  R 

60  R 

60  R 

60  R 

416 

60  R 

60  R 

60  R 

60  R 

60  R 

90  R 

504 

- 

90  R 

90  R 

- 

- 

- 
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Table  10.19  Transmission  Line  Parameters;  Values  per  circuit 


From  bus 

Line 

Line:  r+jx,  b 

/  to  bus 

No. 

(pu  on  100MVA) 

102 

217 

1,2 

0.0084 

0.0667 

0.817 

102 

217 

3,4 

0.0078 

0.0620 

0.760 

102 

309 

1,2 

0.0045 

0.0356 

0.437 

102 

309 

3 

0.0109 

0.0868 

0.760 

205 

206 

1,2 

0.0096 

0.0760 

0.931 

205 

416 

1,2 

0.0037 

0.0460 

0.730 

206 

207 

1,2 

0.0045 

0.0356 

0.437 

206 

212 

1,2 

0.0066 

0.0527 

0.646 

206 

215 

1,2 

0.0066 

0.0527 

0.646 

207 

208 

1,2 

0.0018 

0.0140 

0.171 

207 

209 

1 

0.0008 

0.0062 

0.076 

208 

211 

1,2,3 

0.0031 

0.0248 

0.304 

209 

212 

1 

0.0045 

0.0356 

0.437 

210 

213 

1,2 

0.0010 

0.0145 

1.540 

211 

212 

1,2 

0.0014 

0.0108 

0.133 

211 

214 

1 

0.0019 

0.0155 

0.190 

212 

217 

1 

0.0070 

0.0558 

0.684 

214 

216 

1 

0.0010 

0.0077 

0.095 

214 

217 

1 

0.0049 

0.0388 

0.475 

215 

216 

1,2 

0.0051 

0.0403 

0.494 

215 

217 

1,2 

0.0072 

0.0574 

0.703 

216 

217 

1 

0.0051 

0.0403 

0.494 

303 

304 

1 

0.0010 

0.0140 

1.480 

303 

305 

1,2 

0.0011 

0.0160 

1.700 

304 

305 

1 

0.0003 

0.0040 

0.424 

305 

306 

1 

0.0002 

0.0030 

0.320 

305 

307 

1,2 

0.0003 

0.0045 

0.447 

306 

307 

1 

0.0001 

0.0012 

0.127 

307 

308 

1,2 

0.0023 

0.0325 

3.445 

continued  . 

Note:  System  frequency  is  50  Hz. 

From  bus 

Line 

Line:  r+jx,  b 

/  to  bus 

No. 

(pu  on  100MVA) 

...  cont’d 

309 

310 

1,2 

0.0090 

0.0713 

0.874 

310 

311 

1,2 

0.0000 

-0.0337 

0.000 

312 

313 

1 

0.0020 

0.0150 

0.900 

313 

314 

1 

0.0005 

0.0050 

0.520 

315 

509 

1,2 

0.0070 

0.0500 

0.190 

405 

406 

1,2 

0.0039 

0.0475 

0.381 

405 

408 

1 

0.0054 

0.0500 

0.189 

405 

409 

1,2,3 

0.0180 

0.1220 

0.790 

406 

407 

1,2 

0.0006 

0.0076 

0.062 

407 

408 

1 

0.0042 

0.0513 

0.412 

408 

410 

1,2 

0.0110 

0.1280 

1.010 

409 

411 

1,2 

0.0103 

0.0709 

0.460 

410 

411 

1 

0.0043 

0.0532 

0.427 

410 

412 

1  to  4 

0.0043 

0.0532 

0.427 

410 

413 

1,2 

0.0040 

0.0494 

0.400 

411 

412 

1,2 

0.0012 

0.0152 

0.122 

414 

415 

1,2 

0.0020 

0.0250 

0.390 

415 

416 

1,2 

0.0037 

0.0460 

0.730 

504 

507 

1,2 

0.0230 

0.1500 

0.560 

504 

508 

1,2 

0.0260 

0.0190 

0.870 

505 

507 

1 

0.0008 

0.0085 

0.060 

505 

508 

1 

0.0025 

0.0280 

0.170 

506 

507 

1 

0.0008 

0.0085 

0.060 

506 

508 

1 

0.0030 

0.0280 

0.140 

507 

508 

1 

0.0020 

0.0190 

0.090 

507 

509 

1,2 

0.0300 

0.2200 

0.900 
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Table  10.20  Transformer  Ratings  and  Reactances. 


Buses 

Number 

Rating, 
each  Unit 
(MVA) 

Reactance  per 
transformer 

From 

To 

%  on 
Rating 

per  unit  on 
100MVA 

101 

102 

g 

333.3 

12.0 

0.0360 

201 

206 

g 

666.7 

16.0 

0.0240 

202 

209 

g 

555.6 

16.0 

0.0288 

203 

208 

g 

555.6 

17.0 

0.0306 

204 

215 

g 

666.7 

16.0 

0.0240 

209 

210 

4 

625.0 

17.0 

0.0272 

213 

214 

4 

625.0 

17.0 

0.0272 

301 

303 

g 

666.7 

16.0 

0.0240 

302 

312 

g 

444.4 

15.0 

0.0338 

304 

313 

2 

500.0 

16.0 

0.0320 

305 

311 

2 

500.0 

12.0 

0.0240 

305 

314 

2 

700.0 

17.0 

0.0243 

308 

315 

2 

370.0 

10.0 

0.0270 

401 

410 

g 

444.4 

15.0 

0.0338 

402 

408 

g 

333.3 

17.0 

0.0510 

403 

407 

g 

444.4 

15.0 

0.0338 

404 

405 

g 

333.3 

17.0 

0.0510 

413 

414 

3 

750.0 

6.0 

0.0080 

501 

504 

g 

333.3 

17.0 

0.0510 

502 

505 

g 

250.0 

16.0 

0.0640 

503 

506 

g 

166.7 

16.7 

0.1000 

g  -  Generator/transformer  unit;  in  service  if 
associated  generator  is  online. 

Note:  System  frequency  is  50  Hz. 
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t:  1  Vj/t  Zt 

“From”  “To” 

bus  bus 

Taps-ratio  convention  employed 

Figure  10.35  Transformer  Taps  Convention 

The  transformer  tap  ratios  listed  in  Table  10.21  are  based  upon  the  convention  shown  in 
Figure  10.35. 


Table  10.21  Transformer  Tap  Ratios  for  power  flow  Cases  1  to  6 


Buses 

Case  1 

Case  2 

Case  3 

Case  4 

Case  5 

Case  6 

From 

To 

101 

102 

0.939 

0.948 

0.948 

1.000 

1.000 

1.000 

201 

206 

0.943 

0.948 

0.939 

1.000 

0.971 

1.010 

202 

209 

0.939 

0.948 

0.939 

1.000 

0.971 

1.010 

203 

208 

0.939 

0.948 

0.939 

1.000 

0.971 

1.010 

204 

215 

0.939 

0.948 

0.939 

1.000 

0.971 

1.010 

209 

210 

0.976 

0.990 

0.976 

0.976 

0.976 

0.976 

213 

214 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

301 

303 

0.939 

0.935 

0.930 

1.000 

0.961 

1.000 

302 

312 

0.952 

0.952 

0.952 

1.000 

0.961 

1.000 

304 

313 

0.961 

0.961 

0.948 

0.961 

0.961 

0.961 

305 

311 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

305 

314 

1.000 

1.000 

1.000 

1.000 

1.000 

1.000 

308 

315 

1.000 

0.960 

1.000 

1.000 

1.000 

1.000 

401 

410 

0.939 

0.939 

0.939 

1.000 

0.952 

1.010 

402 

408 

0.952 

0.952 

0.952 

1.000 

0.952 

1.000 

403 

407 

0.952 

0.952 

0.952 

1.000 

0.952 

1.000 

404 

405 

0.952 

0.952 

0.952 

1.000 

0.952 

1.000 

413 

414 

1.000 

1.000 

1.000 

1.000 

1.015 

1.000 

501 

504 

0.952 

0.952 

0.952 

1.000 

0.985 

1.015 

502 

505 

0.962 

0.930 

0.930 

1.000 

0.995 

1.020 

503 

506 

0.962 

0.930 

0.930 

1.000 

0.985 

1.020 

526 


PSS  Tuning  in  Multi -Machine  Systems  Ch.  10 


For  simplicity,  loads  are  assumed  to  behave  as  constant  impedances  in  the  small-signal  anal¬ 
ysis. 


Table  10.22  Busbar  Loads  (P  MW,  Q  Mvar)  for  Cases  1  to  6 


Case  1 

Case  2 

Case  3 

Case  4 

Case  5 

Case  6 

Bus 

No. 

P 

Q 

P 

Q 

P 

Q 

P 

Q 

P 

Q 

P 

Q 

102 

450 

45 

380 

38 

475 

50 

270 

30 

340 

35 

270 

30 

205 

390 

39 

330 

33 

410 

40 

235 

25 

290 

30 

235 

25 

206 

130 

13 

110 

11 

140 

15 

80 

10 

100 

10 

80 

10 

207 

1880 

188 

1600 

160 

1975 

200 

1130 

120 

1410 

145 

1110 

120 

208 

210 

21 

180 

18 

220 

25 

125 

15 

160 

20 

125 

15 

211 

1700 

170 

1445 

145 

1785 

180 

1060 

110 

1275 

130 

1035 

110 

212 

1660 

166 

1410 

140 

1740 

180 

1000 

110 

1245 

125 

1000 

110 

215 

480 

48 

410 

40 

505 

50 

290 

30 

360 

40 

290 

30 

216 

1840 

184 

1565 

155 

1930 

200 

1105 

120 

1380 

140 

1105 

120 

217 

1260 

126 

1070 

110 

1320 

140 

750 

80 

940 

95 

750 

80 

306 

1230 

123 

1230 

123 

1450 

150 

900 

90 

1085 

110 

900 

90 

307 

650 

65 

650 

65 

770 

80 

470 

50 

580 

60 

470 

50 

308 

655 

66 

655 

66 

770 

80 

620 

100 

580 

60 

620 

100 

309 

195 

20 

195 

20 

230 

25 

140 

15 

170 

20 

140 

15 

312 

115 

12 

115 

12 

140 

15 

92 

10 

105 

15 

92 

10 

313 

2405 

240 

2405 

240 

2840 

290 

1625 

165 

2130 

220 

1625 

165 

314 

250 

25 

250 

25 

300 

30 

180 

20 

222 

25 

180 

20 

405 

990 

99 

1215 

120 

1215 

120 

730 

75 

990 

100 

730 

75 

406 

740 

74 

905 

90 

905 

90 

540 

55 

740 

75 

540 

55 

407 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

408 

150 

15 

185 

20 

185 

20 

110 

10 

150 

15 

110 

10 

409 

260 

26 

310 

30 

310 

30 

190 

20 

260 

30 

190 

20 

410 

530 

53 

650 

65 

650 

65 

390 

40 

530 

55 

390 

40 

411 

575 

58 

700 

70 

700 

70 

420 

45 

575 

60 

420 

45 

412 

1255 

126 

1535 

155 

1535 

155 

922 

100 

1255 

130 

922 

100 

504 

300 

60 

200 

40 

300 

60 

180 

20 

225 

25 

170 

20 

507 

1000 

200 

710 

140 

1100 

220 

640 

65 

750 

75 

565 

65 

508 

800 

160 

520 

105 

800 

160 

490 

50 

600 

60 

450 

50 

509 

200 

40 

70 

15 

100 

20 

122 

15 

150 

15 

117 

15 

Load  Characteristics:  Constant  Impedance 
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App.  10-1.3  Data  for  dynamic  performance  analysis 

The  parameters  of  the  fourteen  generators  are  listed  in  Table  10.23. 


Table  10.23  Generator  Parameters  ^ 


Gen¬ 

erator 

Bus 

Or¬ 

der 

Rat¬ 

ing 

MVA 

No.  of 
Units 

H 

MWs 

/ 

MVA 

Xa 

pu 

Xd 

pu 

Xq 

pu 

Xd' 

pu 

Tdo' 

s 

Xd" 

pu 

Tdo" 

s 

Xq' 

pu 

Tqo' 

s 

Xq" 

pu 

Tqo" 

s 

HPS_ 

1 

101 

5 

333.3 

12 

3.60 

0.14 

1.10 

0.65 

0.25 

8.50 

0.25 

0.050 

- 

- 

0.25 

0.200 

BPS 

2 

201 

6 

666.7 

6 

3.20 

0.20 

1.80 

1.75 

0.30 

8.50 

0.21 

0.040 

0.70 

0.30 

0.21 

0.080 

EPS_ 

2 

202 

6 

555.6 

5 

2.80 

0.17 

2.20 

2.10 

0.30 

4.50 

0.20 

0.040 

0.50 

1.50 

0.21 

0.060 

MPS 

2 

204 

6 

666.7 

6 

3.20 

0.20 

1.80 

1.75 

0.30 

8.50 

0.21 

0.040 

0.70 

0.30 

0.21 

0.080 

VPS^ 

2 

203 

6 

555.6 

4 

2.60 

0.20 

2.30 

1.70 

0.30 

5.00 

0.25 

0.030 

0.40 

2.00 

0.25 

0.250 

LPS_ 

3 

301 

6 

666.7 

8 

2.80 

0.20 

2.70 

1.50 

0.30 

7.50 

0.25 

0.040 

0.85 

0.85 

0.25 

0.120 

YPS_ 

3 

302 

5 

444.4 

4 

3.50 

0.15 

2.00 

1.80 

0.25 

7.50 

0.20 

0.040 

- 

- 

0.20 

0.250 

CPS_ 

4 

402 

6 

333.3 

3 

3.00 

0.20 

1.90 

1.80 

0.30 

6.50 

0.26 

0.035 

0.55 

1.40 

0.26 

0.040 

GPS 

4 

404 

6 

333.3 

6 

4.00 

0.18 

2.20 

1.40 

0.32 

9.00 

0.24 

0.040 

0.75 

1.40 

0.24 

0.130 

SPS_ 

4 

403 

6 

444.4 

4 

2.60 

0.20 

2.30 

1.70 

0.30 

5.00 

0.25 

0.030 

0.40 

2.00 

0.25 

0.250 

TPS_ 

4 

401 

6 

444.4 

4 

2.60 

0.20 

2.30 

1.70 

0.30 

5.00 

0.25 

0.030 

0.40 

2.00 

0.25 

0.250 

NPS_ 

5 

501 

6 

333.3 

2 

3.50 

0.15 

2.20 

1.70 

0.30 

7.50 

0.24 

0.025 

0.80 

1.50 

0.24 

0.100 

TPS_ 

5 

502 

6 

250.0 

4 

4.00 

0.20 

2.00 

1.50 

0.30 

7.50 

0.22 

0.040 

0.80 

3.00 

0.22 

0.200 

PPS 

5 

503 

6 

166.7 

6 

7.50 

0.15 

2.30 

2.00 

0.25 

5.00 

0.17 

0.022 

0.35 

1.00 

0.17 

0.035 

##  Classically-defined  operational  parameters  (see  Section  4.2. 12.2  and  Section  4.2. 13). 

Generator  reactances  in  per  unit  on  machine  rating  as  base.  System  frequency  is  50  Hz. 

For  all  generators  the  stator  winding  resistance  (Ra)  and  damping  torque  coefficient  (D)  are  both  assumed  to  be  zero. 
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App.  10-1.3.1  Excitation  System  Parameters 

Two  basic  types  of  excitation  systems  are  employed,  AC4A  and  AC1A  [13].  The  parameters 
of  the  AVR  have  been  tuned  to  ensure  that  the  open-circuit  generator  under  closed-loop 
voltage  control  is  stable  and  satisfies  the  performance  specifications. 


Figure  10.36  Small-signal  model  of  a  type  AC4A  Excitation  System 


Figure  10.37  Small-signal  model  of  a  type  AC1 A  Excitation  System;  demagnetizing  effect 

of  field  current  neglected 
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SVC  name /bus 
number 

Mbase 

(Mvar) 

KA 

KS 

ASVC2  /  205 

650 

500 

6.5 

RSVC_3  /  313 

800 

500 

8.0 

BSVC_4  /  412 

1430 

500 

14.3 

PSVC  5  /  507 

500 

250 

5.0 

SSVC  5  /  509 

550 

250 

5.5 

A B  and  A [Q/V(\  are  in  per-unit  on  MBASE. 


Kd  =  0.01  pu  on  SBASE  and  Td  =  0.005  s 


Figure  10.38  Small-signal  model  of  the  controller  for  the  SYCs. 
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Tuning  of  FACTS  Device  Stabilizers 


11.1  Introduction 

In  the  1990s  the  development  of  high  power  semiconductor  devices  found  application  in 
power  electronic  equipment  in  power  systems.  Such  transmission  systems  and  associated 
devices  are  generally  known  as  Flexible  AC  Transmission  Systems  (FACTS);  a  comprehen¬ 
sive  description  of  the  technology,  the  devices  and  references  to  the  literature  are  given  in 
[1]  (published  in  2000). 

In  this  chapter  the  tuning  of  stabilizers  is  outlined  for  FACTS  devices  such  as  Static  Var 
Compensators  (SVCs),  the  converters  at  the  ends  of  High  Voltage  Direct  Current  (HVDC) 
transmission  lines,  Thyristor-Controlled  Series  Capacitor  (TCSC),  and  other  similar  FACTS 
devices.  Such  stabilizers  are  generally  known  as  Power  Oscillation  Dampers  (PODs),  how¬ 
ever,  the  role  of  PSSs  is  also  to  act  as  power  oscillation  dampers  -  hence  we  will  refer  to 
PODs  as  FACTS  Device  Stabilizers  (FDSs)  to  emphasize  the  application  to  FACTS  devices. 

Consider  the  studies  for  Cases  1  to  6  presented  in  the  previous  chapter.  Referring  to  Tables 
10.11,  10.15  and  10.16  it  is  noted  that,  for  all  PSSs  in  service  with  the  damping  gain  set  to 
20  pu  on  machine  MVA  rating,  the  real  parts  of  the  mode  shifts  for  the  local-area  modes 
typically  vary  from  -1.3  to  -2.5  Np/ s  over  the  encompassing  range  of  operating  conditions 
covered  by  the  six  cases.  However,  the  real  parts  of  the  mode  shifts  for  the  inter-area  modes, 
modes  K,  L  and  M,  roughly  vary  over  a  much  smaller  range,  from  -0.4  to  -1.1  Np/ s  for  the 
same  operating  conditions.  The  damping  of  all  modes  in  these  cases  is  good,  the  lowest 
damping  ratio  being  about  15%.  However,  because  the  damping  of  some  modes  may  be 
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poor,  stabilizers  installed  on  FACTS  devices  can  provide  a  significant  improvement  in  the 
damping  of  targeted  modes.  By  reducing  PSS  damping  gains  to  5  and/ or  10  pu  on  machine 
MVA  ratings,  cases  of  poorer  damping  are  also  examined  in  which  the  damping  ratios  of  the 
inter-area  modes  are  in  the  range  2  to  8%. 

The  common  configuration  of  the  FACTS  device  and  controllers  is  shown  in  Figure  11.1. 
In  the  case  of  a  Static  Var  Compensator  (SVC),  for  example,  the  controller  regulates  the 
voltage  at  its  terminals  or  at  an  electrically  close,  high-voltage  busbar  where  voltage  support 
is  required  [1],  [2],  The  location  of  the  SVC  in  the  network  may  be  such  that  a  stabilizer  in¬ 
stalled  on  the  SVC  is  effective  in  improving  the  damping  of  certain  inter-area  modes.  An 
effective  stabilizing  signal  may  be  the  perturbations  in  frequency  at  its  terminals,  an  appro¬ 
priate  power  flow,  etc.  [3], 


Control  Signal 


Controller 

Reference 

Signal 


Figure  11.1  Configuration  of  the  FACTS  device,  its  controller  and  stabilizer  (FDS) 


The  objective  of  FDS  tuning  is  to  improve  the  damping  of  lightly  damped  modes,  ideally 
without  degrading  the  damping  of  other  modes,  or  compromising  the  performance  of  the 
primary  control  function  of  the  device.  As  foreshadowed  above,  an  inter- area  mode  is  typ¬ 
ically  -  but  not  necessarily  -  the  mode  which  is  targeted  for  enhanced  damping. 


As  background,  a  ‘simplistic’  tuning  procedure  for  a  SVC  is  considered  to  illustrate  the  intent 
of  the  FDS  tuning  methods.  The  theoretical  basis  of  the  Method  of  Residues,  already  ana¬ 
lysed  in  Chapter  6,  is  briefly  summarized  and  will  provide  the  basis  for  the  tuning  of  FDSs 
[4],  [5],  [8],  However,  in  the  multi-machine  case  there  is  a  major  difference  with  respect  to 
the  SMIB  case  of  Section  6.3;  the  FDS  may  be  tuned  to  provide  damping  over  a  range  of 
modal  frequencies. 


A  variety  of  other  methods  for  tuning  the  stabilizers  of  a  range  of  FACTS  devices  are  de¬ 
scribed  in  the  literature,  [9]  to  [1 9] .  Reference  [20]  provides  a  more  detailed  account  of  mod¬ 
elling  shunt  FACTS  devices  such  as  SVCs  and  Static  Compensator.  The  tuning  methods  and 
approaches  investigated  in  this  chapter  are  presented  using  simple  models  for  the  FACTS 
devices;  however,  the  methods  are  equally  applicable  for  more  sophisticated  systems.  The 
models  presented  in  [20]  provide  detailed  descriptions  of  modern  control  features  such  as 
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coordinated  control  of  nearby  switched  capacitor  banks  by  the  SVC.  Such  functions  are  not 
considered  any  further  in  this  book  in  which  only  small  deviations  about  a  steady-state  op¬ 
erating  condition  are  relevant  to  small-signal  analysis. 

11.2  A  ‘simplistic’  tuning  procedure  for  a  SVC 

The  application  of  a  ‘simplistic’  procedure  to  the  tuning  of  a  SVC,  BSVC_4,  at  bus  number 
410  in  the  fourteen-generator  network  in  Figure  10.1  is  now  examined.  As  stated  in 
Table  10.17,  the  maximum  and  minimum  reactive  power  generation  for  BSVC_4  is  1100 
and  -330  Mvar,  respectively,  giving  a  reactive  range  (Mbase)  of  1430  Mvar.  The  operating 
condition  selected  is  the  heavy  load  condition  of  Case  1  (see  Table  10.2).  For  all  PSSs  in  ser¬ 
vice,  with  their  damping  gains  set  to  20  pu  on  machine  MVA  rating,  the  local  and  inter-area 
modes  are  shown  in  Table  10.11.  For  illustrative  purposes  we  will  consider  the  more  lightly 
damped  of  the  complex  inter-area  modes,  M  (-  0.52  ±  j  1.80 ). 


The  terminal  voltage  bus  frequency,  Q>freq  (pu  of  system  frequency),  which  is  the  rate  of 

change  of  the  terminal-voltage  angle,  a  rad,  is  employed  as  the  stabilizing  signal.  As  shown 
in  (8.9)  the  transfer  function  of  the  bus-frequency  pre-filter  is: 

'^C0 freq , ,  ,  s  S  . 

'  (1/'"°)r7^y  <11J> 

where  k>0  =  2n/0  (rad/s)  and  f0  is  the  system  frequency  (Hz).  At  /0  =  50  Hz, 
( 1  /co0)  =  0.003 183;  Tp  is  normally  set  so  that  high  frequency  noise  above  the  selected  cor¬ 
ner  frequency  (1  /Tp)  is  attenuated,  say,  Tp  —  0.005  s  1 . 


The  block  diagram  of  the  FACTS  device  controller  and  stabilizer  is  shown  in  Figure  11.2. 
Let  us  assume  that  the  transfer  function  of  the  FDS  is  AV S(s)/ AFr^(s)  =  kjds ,  a  real  gain 

(i.e.  omitting  compensation,  washout  and  low-pass  filters).  Let’s  calculate  the  values  of  the 
mode  M  for  a  range  of  gain  values  (not  knowing  as  yet  what  constitute  high  gain  values).  As 
noted  in  Figure  10.38,  the  value  of  Mbase  is  1430  Mvar,  Sbase  =  100  Mvar. 


1.  The  time  constant  Tp  (5  ms)  is  very  short.  Such  time  constants  should  typically  be  3  or 
more  times  the  cycle  time  of  the  PSS  processor  to  reduce  phase  errors  at  higher  frequen- 
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iCy  —  Mbase  /  Sbase 


A B  and  A \Q/ F?]  are  in 
per-unit  on  Mbase 

F-T:  Frequency 
Transducer 


Figure  11.2  The  controller  and  stabilizer,  F(s),  for  SVC  BSVC_4  showing  terminal  voltage 
control,  the  provision  of  droop,  and  the  frequency  stabilizing  signal  A Frq . 


In  Table  11.1  the  mode  shifts  in  mode  M  for  Case  1  are  shown  as  the  stabilizer  gain  Ay^is 
increased  from  zero  with  the  stabilizer  in  service.  The  mode  shift  for  a  gain  of  30  pu  is 
shown  in  Figure  11.3.  Ideally,  to  introduce  pure  damping  to  the  mode,  the  mode  shift  should 
lie  at  180° .  Phase  lag  compensation  must  therefore  be  provided  for  the  multi-machine  sys¬ 
tem  in  this  example  noting  that  the  required  lag  compensation  angle  increases  with  increas¬ 
ing  gain.  Although  the  lag  compensation  which  the  stabilizer  transfer  function  should 
provide  is  as  much  as  16°  for  the  selected  gain  range,  let  us  derive  the  transfer  function  of 
the  lag  compensation  with  a  lag  angle  of  11°  at  s  —  0  +j  1.8  (1.8  rad/s)  for  the  stabilizer 
gain  of  30  pu. 

Table  11.1  Case  1 .  Shifts  in  inter-area  mode  M  with  increasing  FDS 
transfer  function  gain  k^s  a 


kfds  (Pu) 

Mode  M 

Mode  Shift 

Angle  ())0  b 

0 

-0.522  ±j\.191 

- 

- 

10 

-0.649  ± y  1.786 

-0.127  +/0.011 

5.0 

20 

-0.778  ± y  1 .763 

-  0.256  +/0.034 

7.6 

30 

-0.905  ±y  1.722 

-0.383  t/0.075 

11.1 

40 

-  1.024  ± y  1.656 

-0.502  =f  y'0.141 

15.7 

Note:  (a)  FDS  is  a  pure  gain  transfer  function. 

(b)  Required  lag  compensation  angle 
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Kfds~  0 

Kfd  =  30  pu 

FDS  transfer 

function 


Figure  11.3  Shift  in  mode  M  both  for  Kjd  =  30  pu  and  for  FDS  transfer  function 

F{s)  (11.2). 


The  calculation  of  the  transfer  function  of  the  lag  compensator  is  similar  to  that  for  lead 
compensation  in  the  example  in  Section  2.12.1.4  and  is  based  on  frequency  response  analy¬ 
sis  with  ^  =  0+  j to  .  The  simple  compensator  transfer  function  for  the  lag  angle  of  11°  at 
1.8  rad/ s  is  (1  +  s0.458)/(l  +  50.674).  When  washout  and  low  pass  filters,  with  corner  fre¬ 
quencies  0.17  and  30  rad/ s  respectively,  are  included  the  transfer  function  of  the  FDS  is: 


F(s) 


AV„ 


A  F 


=  k 


6  5  1  +50.458 


1 


rq 


lfds  1+65  l+.?0.674  1  +50.033 


with  kfds  =  30  pu.  (11.2) 


With  the  FDS  of  BSVC_4  in  service  with  the  above  transfer  function  the  resulting  value  of 
mode  M  is  -  0.86  ±j  1.84  for  kjds  =  30  pu  compared  to  the  value  of  -  0.91  ±j  1.72  for  the 

scalar  transfer  function  k^ds  =  30  in  Table  11.1.  While  the  FDS  enhances  the  damping  of 

mode  M  relative  to  the  case  when  the  FDS  is  out  of  service,  the  mode  shift  -  0.34  +  y'0.05 
is  not  quite  that  desired;  moreover,  its  modal  frequency  is  increased  from  that  with  the  sta¬ 
bilizer  off-line.  There  are  therefore  a  number  of  observations  that  can  be  found  in  this  ‘sim¬ 
plistic’  procedure. 

•  The  agreement  between  the  value  of  the  targeted  mode  using  the  ‘simplistic’  proce¬ 
dure  to  evaluate  the  stabilizer  transfer  function  is  not  as  close  as  desirable.  (Further 
iterations  of  the  procedure  could  improve  the  result.) 

*  The  lag  compensation  of  the  stabilizer  transfer  function  is  based  on  the  frequency 
response  calculation  using  5  =  j  ay  rather  than  the  complex  value  in  the  vicinity  of  the 

targeted  mode,  5  =  a  +  jay.  This  problem  is  compounded  when  the  washout  and 

low-pass  filters  are  added.  A  more  rigorous,  iterative  process  is  required  to  converge 
on  a  lag  transfer  function  for  the  stabilizer  -  with  the  specified  filters  -  in  the  vicinity  of 
the  targeted  mode.  (With  the  FDS  out  of  service,  mode  M  varies  between 
-  0.43  ± /l .76  and  -  0.59  +  /2.51  over  the  six  operating  conditions,  see  Tables  10.11, 
10.15  and  10.16.) 
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•  No  cognizance  has  been  given  to  the  suitability  of  the  stabilizer  transfer  function 
(1 1 .2)  over  an  encompassing  range  of  operating  conditions  (including  outages,  etc.)  in 
enhancing  the  damping  of  the  targeted  mode. 

•  Although  the  damping  of  the  targeted  mode  may  be  enhanced  over  the  range  of  oper¬ 
ating  conditions,  the  damping  of  other  modes  may  be  degraded. 

•  Under  some  operating  conditions  the  presence  of  zeros  or  modes  (other  than  rotor 
modes),  in  the  vicinity  of  the  targeted  mode  may  significantly  affect  the  trajectory  of 
the  mode  as  the  stabilizer  gain  is  increased. 

•  From  Figure  10.26  it  is  observed  that  the  frequency  of  the  inter-area  mode  M 
decreases  with  increasing  PSS  damping  gains.  To  improve  synchronizing  torques  it 
may  be  desirable  to  tune  the  FDS  to  enhance  not  only  the  damping  of  the  targeted 
mode  but  also  to  increase  its  oscillatory  frequency. 

It  is  clear  that  a  method  for  tuning  the  stabilizers  is  desirable  that  better  takes  account  of  the 

range  of  operating  conditions,  the  filters  and  the  complex  value  of  the  targeted  mode. 

11.3  Theoretical  basis  for  the  tuning  of  FACTS  Device  Stabilizers 

Some  of  the  relevant  theoretical  material,  based  on  the  ‘Method  of  Residues’,  is  described  in 

Section  6.2.1  and  is  summarized  here  for  ease  of  reference. 


Let  the  stabilizer  transfer  function  be: 


F(s)  =  kfdsH(s)  =  kfdsGc{s)  ■  Gfy(s)  ■  Glp{s)  ,  (1 1.3) 

where  the  transfer  function  Gc(s)of  the  stabilizer  in  this  application  is  tuned  to  provide  the 
appropriate  phase  compensation  and  is  assumed  to  consist  of  m  lead  or  lag  blocks  of  the 
form: 


l_+7> 

!  +  V 


^  =  a  +j  to  . 


(11.4) 


The  FDS  gain  setting  in  (1 1 .3)  is  kjds  (note,  this  is  not  the  ‘damping  gain’  value).  The  wash¬ 
out  and  low-pass  filter  transfer  functions,  Gw(s)  and  GLp(s) ,  are  given  by  (5.29)  and  (5.30), 
respectively.  It  is  assumed  that  the  values  of  the  time  constants  in  the  latter  two  transfer 
functions  have  been  appropriately  selected  (see  Section  5.8.6).  The  objective  of  the  tuning 
procedure  for  the  zrh  stabilizer  is  to  determine  the  values  of  the  parameters  kj-dsi ,  Tni  and  Tdi, 
i  =  1 ...  in  in  (1 1 .4)  that  satisfy  the  relevant  requirements  on  damping. 


The  following  analysis  (which  repeats  part  of  that  in  Section  6.2.1)  assumes  that  (i)  initially 
the  FDS  is  out  of  service,  and  then  it  is  in  service  with  the  FDS  gain  set  to  kjds ,  (ii)  the  FDS 
feedback  is  positive  (see  Figure  6.1  and  11.2).  It  is  shown  in  (6.8)  that  the  mode  shift  in  the 
targeted  mode  ^  is: 
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 VM) 


(11.5) 


where  rh  is  the  residue  of  the  transfer  function  A  V^tahfkh)/Vre^,kh)  (no  FDS);  A  Vstab  is 
the  stabilizing  signal  selected  to  be  the  input  to  the  FDS. 


If  in  (11.5)  the  gain  kj-ds  is  chosen  such  that 
yield  the  approximate  value  of  the  mode  shift,  i.e.: 


rhkfds^~H(h) 


«  1  then  (11.5)  reduces  to 


Akh  «  kj-dsrhH(Xh) 


Let  the  value  of  kjds  for  which 


rhkfd^^Kh) 


(11.6) 

=  1  be  kRm ,  a  quantity  which  provides 


a  nominal  measure  of  an  upper  value  of  the  gain.  According  to  (1 1.6)  for  values  of  k,dfj  «  kRm 
the  mode  shift  increases  linearly  with  stabilizer  gain.  Thus  it  follows  from  the  definition  of 


kRm  that 


Rm 


=  i/ 


(11.7) 


In  order  for  the  mode  shift  in  (11.6)  to  be  ±180°,  i.e.  a  direct  left-shift  of  in  the 
complex  s-plane, 

srg{rhH(kh)}  =  ±180°.  (11.8) 


Therefore  the  compensation  angle  (j)  provided  by  the  FDS  is 

4>  =  arg{//(^)}  =  ±180-arg{rA}  (°). 


(11.9) 


Typically  kj-ds  is  selected  to  be  less  than  0.1  kRm  .  However,  in  multi-machine  cases  the  effect 
on  the  actual  modal  trajectories  of  other  system  poles  and  zeros,  as  the  FDS  gain  is  increased 
from  kjds  =  0 ,  may  result  in  mode  shifts  estimated  from  the  above  analysis  differing  sub¬ 
stantially  from  actual  shifts,  even  at  gains  much  less  than  0.1  kRm  . 


Other  comments  in  Section  6.2.1  are  also  applicable  to  FDS  tuning. 

Consider  now  the  application  of  the  above  results  to  the  tuning  of  a  FDS  in  a  multi-machine 
system.  It  may  be  necessary  to  tune  the  FDS  to  improve  the  damping  of  several  rotor  modes 
and  to  accommodate  the  associated  variation  in  magnitude  and  phase  of  the  associated  res¬ 
idues. 


The  application  of  the  Method  of  Residues  is  now  illustrated  by  a  number  of  studies;  two 
studies  illustrate  the  tuning  of  a  FDS  for  a  SVC  using  bus  frequency  or  real  power  flow  as 
stabilizing  signals.  A  study  on  a  different  FACTS  device  concerns  the  tuning  of  a  stabilizer 
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for  a  thyristor-controlled  series  capacitor  (TCSC).  In  the  latter  case  the  stabilizer  transfer 
function  is  required  to  accommodate  power  flows  in  both  directions  through  the  TCSC.  In 
all  studies  the  trajectories  of  selected  in  ter- area  modes  are  tracked  as  the  stabilizer  gain  is  in¬ 
creased  from  zero  to  an  appropriate  value.  The  aims  of  mode-tracking  studies  are  (i)  to  de¬ 
termine  the  stability  of  the  system,  (ii)  to  investigate  the  characteristics  of  the  mode  shifts 
with  increasing  stabilizer  gain,  (iii)  to  compare  the  estimated  mode  shifts  calculated  using 
(1 1 .5)  or  (1 1 .6)  with  those  calculated  by  eigen-analysis,  and  in  some  cases  (iv),  to  account  for 
the  nature  of  the  deviation  between  estimated  and  calculated  values. 

11.4  Tuning  SVC  stabilizers  using  bus  frequency  as  a  stabilizing  sig¬ 
nal 

As  mentioned  earlier,  a  SVC  is  primarily  installed  for  voltage  support  and  control,  typically 
in  areas  more  remote  from  generation  -  such  in  the  vicinity  of  loads  or  at  intermediate  sub¬ 
station  buses  on  higher  voltage  transmission  lines. 

In  this  application  of  FDS  tuning  it  is  assumed  that  there  are  inter-area  modes  whose  damp¬ 
ing  may  be  improved  by  a  FDS  installed  on  a  SVC  close  to  a  major  load  centre.  Conceptu¬ 
ally,  when  close  to  a  major  load  centre  the  FDS  should  modulate  the  load-area  voltage  such 
that  load  real  power  is  reduced  concomitant  with  a  fall  in  system  frequency  -  thereby  en¬ 
hancing  the  damping  of  the  mode.  This  suggests  that  frequency  may  be  a  suitable  stabilizing 
signal. 

Because  it  has  been  the  basis  of  a  number  of  studies  the  14-generator  power  system  em¬ 
ployed  in  Chapter  10  is  used  as  the  study  system.  From  Tables  10.11,  10.15  and  10.16  it  is 
observed  that  the  inter-area  modes  L  and  M  typically  have  values  in  the  vicinity  of 
-  0.5  ± y'2.8  and  -  0.5  ±  j  1.9  ,  respectively,  over  the  range  of  the  normal  cases  1  to  6  with  all 
PSS  damping  gains  set  to  20  pu.  Inter-area  mode  K  is  generally  well  damped,  but  may  be 
enhanced  by  the  FDSs. 

With  reference  to  the  system  diagram  in  Figure  10.1,  the  SVCs  ‘BSVC_4’  in  Area  4  and 
‘PSVC_5’  in  Area  5  will  be  used  to  establish  what  improvements  in  damping  of  the  inter¬ 
area  modes  can  be  achieved  using  perturbations  in  local  frequency  as  a  stabilizing  signal.  It 
will  also  be  found  that  it  is  desirable  to  install  a  SVC  in  Area  2;  this  is  considered  in 
Chapter  14. 

Based  on  the  results  in  Chapter  1 0  when  all  PSS  damping  gains  are  set  to  20  pu  it  may  be 
considered  that  it  is  not  necessary  to  install  stabilizers  on  any  FACTS  device.  On  the  other 
hand,  say,  can  the  PSS  damping  gain  settings  be  reduced  with  the  installation  of  FDSs?  Let 
us  therefore  establish  a  whether  a  FDS  transfer  function  tuned  for  20  pu  PSS  damping  gains 
adequately  covers  a  lower  range  of  PSS  damping  gain  settings,  say  10  to  20  pu. 
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For  illustrative  purposes  and  to  avoid  complexity,  line  outages  and  other  conditions  which 
cause  a  degradation  in  the  damping  of  the  inter-area  modes  have  not  been  included  in  the 
limited  analysis  which  follows.  The  tuning  of  a  frequency-stabilized  FDS  for  BSVC_4  is  now 
investigated. 

11.4.1  Use  of  bus  frequency  as  a  stabilizing  signal  for  the  SVC,  BSVC_4 

The  perturbations  in  local  bus  frequency  is  synthesized  from  angular  perturbations  Aa  (rad) 
in  the  terminal  voltage  of  the  SVC  at  bus  412  in  Figure  10.1.  The  basis  for  employing  bus- 
frequency  perturbations  A fy  =  A(Oj-r  (pu  of  system  frequency)  as  a  stabilizing  signal  is 

outlined  in  Section  11.2;  the  transfer  function  of  the  frequency  transducer  is  given  by  (11.1). 

Initially  it  is  of  interest  to  learn  which  of  the  inter-area  modes  over  the  encompassing  range 
of  normal  operating  conditions,  Cases  1  to  6,  are  best  damped  by  means  of  the  FDS  on 
BSVC_4.  Mbase  for  BSVC_4  is  1430  Mvar  (see  Figure  10.38). 

11.4. 1. 1  Determination  of  the  stabilizer  transfer  function  for  BSVC4 

Referring  to  (11.3)  and  (11.4),  the  aim  of  the  analysis  is  to  determine  h^cjsGc(s) ,  the  transfer 

function  of  the  compensation,  as  well  as  the  parameters  of  the  washout  and  low-pass  filters 
such  that  the  damping  of  the  mode(s)  satisfies  the  relevant  performance  criteria.  Further¬ 
more,  the  improvement  in  damping  of  any  inter-area  mode  should  not  lead  to  an  unaccept¬ 
able  degradation  in  the  damping  of  other  inter-area  modes  or  of  local  modes  in  the  vicinity 
of  the  SVC. 

Let  us  assume  (i)  all  SVCs  are  in  service  and  controlling  the  voltage  on  their  respective  buses, 
(ii)  the  FDS  path  in  Figure  11.2  is  open,  and  (iii)  all  PSSs  are  in  service  and  their  damping 
gains  are  set  to  20  pu  on  machine  MVA  rating.  The  residues  of  the  transfer  function 
A F  (s)/ AV  As)  for  the  inter-area  modes  K,  L  and  M  are  then  calculated  for  the  operat- 

ing  conditions  1  to  6.  Depending  on  the  characteristics  of  the  residues  as  revealed  by  their 
polar  plots,  it  is  of  interest  to  ascertain  if  the  compensation  should  in  fact  target  any  one  of 
the  three  inter-area  modes.  It  is  also  possible,  for  example,  that  compensation  based  on  the 
residues  for  mode  L  may  enhance  or  degrade  the  damping  on  mode  M,  or  vice-versa. 

Using  the  Mudpack  small-signal,  power  system  dynamic  performance  package  [21]  the  polar 

plot  of  the  residues  for  modes  L  and  M  is  shown  in  Figure  1 1 .4.  The  residues  are  of  the  SVC 

transfer  function  AF  (s)/AV  As)  for  the  range  of  operating  conditions.  Cases  1  to  6. 
/  q  rej 

The  residues  of  the  inter- area  mode  K  are  negligible  and  are  omitted  from  the  plot.  The  val¬ 
ues  of  modes  L  and  M  are  listed  in  Tables  10.11,  10.15  and  10.16. 

As  foreshadowed  in  the  Section  1 1 .4,  it  is  desirable  to  establish  whether  the  same  FDS  trans¬ 
fer  function  adequately  covers  the  10  and  20  pu  sets  of  PSS  damping  gains.  The  polar  plot 
of  the  residues  for  the  lower  set  of  PSS  damping  gains  is  shown  in  Figure  11.5. 
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Set  Description 

A  Residues  for  TFM  [FRQ.BSVC  4  <-  Vref.BSVC  4]  and  MODE  L 
B  Residues  for  TFM  [FRQ.BSVC_4  <-  Vref.BSVC J]  and  MODE  M 


Figure  11.4  Polar  plot  of  the  residues  for  the  transfer  function,  AF  /  A  Vrej- ,  for  modes 
L  and  M  and  six  operating  conditions.  All  PSS  damping  gains  set  to  20  pu  on  machine  MVA 
rating.  The  values  of  modes  L  and  M  are  in  the  vicinity  of  -  0.47  ±  j 2.8  and  -  0.5  ±  /1 .9  ,  re¬ 
spectively.  Note:  the  magnitude  scale  is  to  be  multiplied  by  0.1. 
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Set  Description 

A  Residues  for  TFM  [FRQ  . B5VC  4  <-  Vref.B5VC_4]  and  MODE  [L] 

B  Residues  for  TFM  [FRQ  . B5VC_4  <-  Vref.BSVC_4]  and  MODE  [M] 

Figure  11.5  Polar  plot  of  the  residues  as  for  Figure  11.4  with  all  PSS  damping  gains  set  to 
10  pu  on  machine  MVA  rating.  Note  scaling. 
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A  comparison  of  the  magnitudes  of  the  residues  in  Figures  11.4  and  11.5  reveals  (i)  the  res¬ 
idues  for  mode  M  are  about  four  times  greater  than  those  of  mode  L,  and  (ii)  the  band  of 
phase  angles  of  the  residues  is  narrower  than  that  for  mode  L.  The  compensation  will  there¬ 
fore  target  mode  M  for  which,  as  revealed  in  Figure  1 1 .4,  the  residues  lie  in  a  relatively  nar¬ 
row  phase-band  of  approximately  13°  with  a  spread  in  magnitudes  between  0.013  and  0.018 
units. 

For  the  range  of  operating  conditions  it  is  now  necessary  to  select  representative  values  of 
(i)  the  compensation  angle  for  the  calculation  of  the  compensator  transfer  function,  (ii)  the 
magnitude  of  the  residues  for  determining  the  nominal  upper  gain  value,  and  (iii)  a  single 
mode  value  considered  to  cover  the  modes  of  interest  or  concern. 

From  Figure  11.4  for  PSS  damping  gains  set  to  20  pu  a  representative  angle  for  the  residues 
of  mode  M  is  selected  to  be  -168°  which  lies  in  the  mid-range  of  values.  The  required  com¬ 
pensation  angle  is  therefore  -12°  (or  12°  lagging).  For  mode  M  the  maximum  value  of  the 
residues  of  0.0176  pu  (on  SVC  base)  is  selected  from  Figure  11.4.  (These  decisions  may  de¬ 
pend  on  the  application,  e.g.  whether  to  weight  certain  operating  conditions  more  heavily, 
or  whether  to  abide  by  the  system  criteria  which  specify  the  minimum  level  for  damping, 
say,  for  the  outage  of  a  critical  circuit.)  For  mode  M,  and  for  the  range  of  modal  values  over 
the  encompassing  operating  conditions,  a  targeted  value  of  complex  frequency  is  selected  to 
be  —  0.5  ±j  1.9  ,  a  value  which  tends  to  favour  the  heavier  load  conditions. 

An  associated  set  of  representative  values  can  be  deduced  from  Figure  11.5  when  all  PSS 
damping  gains  are  set  to  1 0  pu;  similarly  a  set  for  5  pu  is  derived.  The  values  are  summarized 
in  Table  11.2. 


Table  11.2  Representative  values  for  evaluation  of 
compensation  transfer  function,  mode  M 


PSS 

gain  (pu) 

Phase  spread 
(deg) 

Represent¬ 
ative  phase 
angle  (deg) 

Compensa¬ 
tion  angle 
(deg) 

Maximum 

residue 

Represent¬ 
ative  modal 
frequency* 

20 

.164  ->  -176 

-168 

-12 

0.0176 

-0.5  ±y  1.9 

10 

.168  ->  -176 

-172 

-8 

0.0151 

-0.25  ±j2.2 

5 

-171  ->  -184 

-178 

-2 

0.0149 

-0.12  ±y'2.2 

*  Representative  modal  frequencies  over  the  range  of  operating  conditions 

In  Mudpack  [21]  there  are  facilities  to  calculate  iteratively  the  compensation  transfer  func¬ 
tion  of  the  stabilizer  given  the  desired  compensation  angle,  a  representative  or  target  com¬ 
plex  tuning  frequency,  the  order  of  the  lag  or  lead  compensator,  and  the  required  number  of 


542 


Tuning  FACTS  Device  Stabilizers  Ch.  1 1 


washout  and  low-pass  filters  and  their  parameters  (see  Appendix  6—1.1).  Based  on  (1 1 .3)  and 
(11.4)  the  form  of  stabilizer  transfer  function  is  given  in  (11.10). 


F(s)  =  kfds '  H(s)  =  k, 


fds 


Tws 

W 

r1+7>i 

m 

r  1  7 

_1  +  Tws_ 

I_1  +  Tds\ 

- 1  +  tlps- 

(11.10) 


There  are  also  facilities  in  the  software  to  estimate,  for  a  selected  stabilizer  gain,  the  mode 
shifts  for  the  target  and  other  selected  modes,  according  to  (11.5),  for  each  of  the  operating 
conditions.  The  provision  of  estimates  of  local  as  well  as  inter-area  modes  can  reveal  if  a  lo¬ 
cal  mode,  say,  is  unduly  degraded  by  the  stabilizer  and  therefore  may  be  of  concern.  How¬ 
ever,  it  is  also  necessary  to  establish  through  Bode-  or  eigen-analysis  the  range  of  FDS  gains 
kfds  f°r  which  the  closed-loop  system  is  stable.  It  may  happen  that  a  mode  other  than  a  ro¬ 
tor  mode  becomes  unstable. 


Two  cases  of  FDS  tuning  could  now  be  considered.  In  the  first  case  the  washout  and  low- 
pass  filters  are  selected  to  cover  a  wide  band  of  modal  frequencies;  in  the  second  the  filters 
provide  a  narrow  band  which  specifically  targets  mode  M.  Wide-band  compensation  only  is 
now  considered;  a  practical  example  of  narrow  band  compensation  is  analysed  in  [6]  using 
the  Method  of  Residues.  The  objectives  of  the  former  are  to  improve  the  damping  of  the 
inter-area  modes  as  well  as  local-area  modes,  if  possible.  To  cover  the  range  of  operating 
conditions  and  rotor  modes  in  Tables  10.11,  10.15  and  10.16,  a  first-order  compensator  is 
specified,  together  with  first-order  washout  and  low-pass  filters  with  parameters  Tw=  6  s 
and  Tlp  ~  0  .033  s.  The  phase  shifts  of  the  filters,  which  lie  a  decade  above  and  below  the 
corner  frequencies  of  0.17  and  30  rad/s,  respectively,  are  less  than  5°.  The  FDS  transfer 
function  thus  takes  the  form: 


F(s) 


kfdsH kfds ; 


sTw 

r1  +  Vi 

r  i  i 

_  1 2 3 *  S  T 

Li  +  Tds\ 

-1  +  tlps- 

(11.11) 


The  representative  values  for  20  pu  PSS  damping  gain  settings  in  Table  11.2  is  used  to  cal¬ 
culate  the  compensation  transfer  function  because 


1 .  In  practice  the  PSS  damping  gain  settings  may  tend  towards  the  higher  value  of  20  pu 
because  normal,  outage  and  N-l  operating  conditions  must  all  satisfy  the  system 
damping  performance  specifications. 

2.  The  range  of  residue  angles  in  Table  11.2  for  10  and  5  pu  PSS  damping  gains  are 
essentially  covered  by  that  for  the  20  pu  gain  settings. 

3.  The  representative  residue  angles  differ  by  10°  at  most,  and  the  associated  range  of 
compensation  angles  lie  between  2°  to  12°  lagging.  ‘Over  compensation’  in  this  study 

is  likely  to  increase  the  frequency  of  the  inter-area  modes  at  the  lower  gain  settings  and 
thereby  improve  synchronizing  torques.  (This  may  help  to  offset  the  decrease  in  the 

inter- area  frequencies,  observed  in  Figure  10.26,  with  increase  in  PSS  damping  gains.) 
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Based  on  the  representative  values  in  Table  11.2  for  the  evaluation  of  the  compensation 
transfer  function,  the  iterative  procedure  described  in  Appendix  6—1.1  is  used  to  calculate 
the  parameters  of  the  lag  transfer  function  for  PSS  damping  gains  of  20  pu.  The  PSS  transfer 
function  (11.11)  is  found  to  be 


F(s) 


kfdsH(s}  kfds 


s6 

|"1  +s0.346l 

r  1  i 

_1  +  s6_ 

_1  +  s0.498_ 

_1  +s0.033_ 

(11.12) 


the  nominal  upper  gain  value  being  kR  —  398  pu. 


11.4.1.2  Range  of  stabilizer  gains  for  stability 

Before  the  trajectories  of  the  selected  modes  are  calculated  by  eigen-analysis  it  is  desirable 
to  ascertain  for  what  range  of  gains  the  system  with  the  stabilizer  transfer  function  calculated 
above  is  stable.  It  may  not  be  clear  if  some  other  mode  (e.g.  a  controller  mode)  becomes 
unstable  as  the  stabilizer  gain  is  increased  -  or  if  instability  occurs,  say,  for  some  value  of  gain 
less  than  0. 1  kRm  where  kRm  is  the  nominal  upper  value  determined  by  the  Residues  Method. 


From  Tables  10.11,  10.15  and  10.16  for  the  six  operating  conditions  with  all  PSS  damping 
gains  set  to  20  pu  on  machine  MVA  rating,  and  for  no  FDSs  in  service,  it  is  known  (i)  that 
the  system  is  stable,  and  (ii)  that  the  stabilizer  transfer  function  of  (11.12)  possesses  left-half 
plane  poles.  Therefore,  with  no  right-half  plane  poles,  we  can  use  the  open-loop  Bodes  plots 
to  determine  closed-loop  stability  as  well  as  the  gain  and  phase  margins  for  a  selected  stabi¬ 
lizer  gain. 

Lest  us  insert  the  stabilizer  transfer  function  (11.12)  in  the  feedback  path  in  Figure  11.2.  The 
feedback  path  at  the  summing  junction  is  left  open  in  order  to  calculate  the  open-loop  trans¬ 
fer  functions  A  Vfjio,)/ A  VreAj(oJ) .  For  the  Case  1,  a  heavy  load  condition,  the  associated 

Bode  plot  is  shown  in  Figure  11.6  remembering  that,  for  stability  analysis  using  the  Bode 
plot,  negative  feedback  is  assumed  (positive  feedback  of  the  stabilizer  output  is  specified  in 
Figure  11.2). 

Note  in  Case  1  that  the  gain  margin  for  stability  (673  pu)  is  greater  than  10%  (i.e.  ~40  pu) 
of  the  upper  gain  value  (kR  =  398  pu)  necessary  to  satisfy  the  nominal  upper  value  of  gain 
as  determined  by  the  Method  of  Residues.  The  stability  limits  for  cases  1  to  6  are  confirmed 
by  eigen-analysis.  Within  the  gain  range  of  0  to  40  pu  the  selection  of  the  gain  setting  k^ds 

is  dependent  on  a  number  of  factors:  for  example:  (i)  Can  the  desired  damping  of  the  target 
mode  be  achieved  with  lower  gain  settings  such  that  the  reactive  power  output  of  the  SVC 
is  not  continually  hitting  limits  for  acceptable  variations  in  frequency?  (ii)  Is  the  damping  of 
other  modes  unduly  degraded?  (iii)  Can  we  be  confident  about  the  accuracy  of  the  models 
of  the  devices  and  the  system?  (iv)  What  are  the  effects  of  high  controller  gains  on  unmod¬ 
elled  dynamics,  etc. 
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Frequency  (rad/s) 

Figure  11.6  Case  1:  FDS  plus  SVC.  Open4oop  frequency  response  AV s/  A  F  ,  for 
kj-c!s  =  -1  pu  on  device  base.  The  gain  margin  is  56.6  dB  (673  pu  on  device  base)  at 
241  rad/ s.  All  PSS  damping  gains  are  set  to  20  pu. 

11.4.1.3  Inter-area  modal  trajectories  as  the  stabilizer  gain  is  increased 
To  ascertain  the  effectiveness  of  the  FDS  tuning,  which  assumes  all  PSS  damping  gains  are 
set  to  20  pu  on  machine  MVA  ratings,  the  eigenvalue  trajectories  are  calculated  as  the  FDS 
gain  is  increased  from  zero  to  100  pu  on  the  SVC  base.  For  the  same  FDS  parameters  the 
trajectories  are  also  evaluated  for  the  case  when  all  PSS  damping  gains  are  set  to  1 0  pu.  Based 
respectively  on  Cases  1  and  4  both  heavy  and  light  load  conditions  are  considered.  The  tra¬ 
jectories  of  modes  L  and  M  are  shown  in  Figure  11.7. 

From  the  modal  trajectories,  it  is  observed  that: 

•  For  increases  of  stabilizer  gain  up  to  40  pu  the  shift  in  the  inter-area  mode  M  is  more- 
or-less  directly  to  the  left  in  the  5-plane  with  small  changes  in  modal  frequency  at 
higher  gains. 

•  The  shift  in  mode  L  is  negligible.  It  may  be  necessary  to  investigate  whether  stabilizers 
on  other  SVCs  in  the  system  enhance  the  damping  of  mode  L. 

•  The  use  of  the  FDS  transfer  function,  whose  tuning  is  based  on  a  damping  gain  set¬ 
ting  of  20  pu  on  all  PSSs,  is  satisfactory  for  (i)  both  the  heavy  and  light  load  cases 
investigated,  (ii)  both  PSS  damping  gain  settings  of  10  and  20  pu. 
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As  predicted  from  Figure  1 1.6  no  evidence  of  closed-loop  instability  is  found  over  the 
FDS  gain  range  0  - 1 00  pu  for  the  six  cases  investigated. 


Modes : 


L  M,  Case  01, 

PSS  Gains  20  pu 


1  m.  Case  01 

PSS  Gains  10  pu 


L  M,  Case  04, 

PSS  Gains  20  pu 


1  m.  Case  04, 

PSS  Gains  10  pu 


’-3  _2  -1  0 

Real  Part  (Np/s) 

Figure  11.7  Cases  1  and  4.  Trajectories  of  the  inter-area  modes  L  and  M  as  the  stabilizer 
gain  k,ds  is  increased  in  10  pu  steps  from  zero  (shown  by  an  arrow)  to  100  pu  on  the  SVC 
base.  All  PSS  damping  gains  are  set  to  10  or  20  pu  on  machine  base. 

Z:  Estimated  mode  values  from  (1 1.5)  for  stabilizer  gain  kj-ds  =  40  pu. 

11.5  Use  of  line  real-power  flow  as  a  stabilizing  signal  for  a  SVC 

Consider  the  case  when  a  major  load  is  connected  to  two  separate  areas  of  generation 
through  high  voltage  transmission  lines.  Associated  with  these  areas  there  is  an  inter-area 
mode  which  is  assumed  to  be  lightly  damped.  If  a  SVC  is  located  close  to  the  load  centre  the 
FDS  may  be  able  to  improve  the  damping  of  the  oscillatory  power  flow  between  the  areas 
by  modulating  the  load-area  voltage  -  and  hence  the  real  power  flow  into  the  load. 

Referring  to  the  system  diagram  in  Figure  10.1,  it  is  observed  that  a  major  load  and  the  SVC 
BSVC_4  are  both  connected  to  bus  412.  It  is  also  noted  that  the  power  flow  on  transmission 
lines  between  buses  410  and  412  and  between  buses  41 1  and  412  supply  the  net  real  power 
to  the  load  at  412.  The  total  net  power  flow  perturbations,  A Ptot,  at  bus  412  into  the  load 
bus  will  be  considered  to  be  a  potential  stabilizing  signal. 

For  the  purposes  of  calculating  the  residues  of  the  transfer  function  APtot(Xh)/ AVrej(kh) , 

the  SVC  is  placed  under  closed-loop  voltage  control  with  the  FDS  path  in  Figure  11.8  open. 
All  PSSs  are  in  service  with  their  damping  gains  set  to  20  pu  on  machine  base.  A  polar  plot 
of  the  residues  is  shown  in  Figure  1 1.9  from  which  it  is  noted  that,  by  comparison  with  that 
of  Figure  1 1 .4,  the  spread  of  amplitude  and  phase  over  the  range  of  operating  conditions  is 
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greater.  Note:  we  cannot  compare  the  residues  derived  from  power  signals  with  those  de¬ 
rived  from  bus  frequency  (see  Section  3.7). 


Figure  11.8 


AVt 


I  r  —  u  A  Ptot 

i - [  FDS  - 

L  _  J 


The  controller  and  stabilizer  for  SVC  BSVC_4  showing  terminal  voltage  and 
droop  controls,  as  well  as  the  real  power  stabilizing  signal  A P tot  ■ 


Hag.  Angle  Name 


0.1B0  -157=06  (B)  C03 

0.131  -150. 8G  (B)  C02 

0.079  -14G.23  (B)  C04 

0.0B7  -129.32  (B)  C0G 

0.033  -117.25  (A)  C02 

0.025  -107.30  (A)  C04 

0.028  -101.19  (A)  C03 

0.178  -99. 83  (B)  C05 

0.224  -94.94  (B)  C01 

Scale:  multiply  by  1 .00E+01 

Set  Description 

A  Residues  for  TFM  [PTOT.BSVC  4  <-  Vref.BSVC  4  ]  and  NODE  L 

B  Residues  for  TFM  [PTOT.BSVC J  <-  Vref.BSVC_4  ]  and  NODE  M 

Figure  11.9  BSVC_4.  Polar  plot  of  the  residues  of  the  transfer  function  APtof/ A  Vref  for 

modes  L  and  M  and  six  operating  conditions.  PSS  damping  gains  20  pu. 

Note:  the  magnitude  scale  is  to  be  multiplied  by  10. 


Name  Mag.  Angle 


(A)  C01 
(A)  C05 
(A)  008 


0.087  -81.47 
0.043  -81.83 
0.035  -81.60 


Residues  Plotted  >  0.0^  Maximum 


As  previously  discussed,  the  objectives  of  the  compensation  is  to  improve  the  damping  of 
the  inter-area  mode  M  and,  if  feasible,  mode  L  and  the  local- area  modes  as  well.  To  cover 
the  range  of  rotor  modes  (see  Tables  10.11, 10.15  and  10.16),  a  compensation  angle  of  -45° 
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is  selected  together  with  a  representative  value  for  the  residue  of  2.0  pu  on  SVC  base.  A  first- 
order  compensator  is  specified,  together  with  parameters  of  the  first-order  washout  and 
low-pass  filters  of  Tw=  7  s  and  TLP  =  0.02  s,  respectively.  The  complex  tuning  frequency  is 
again  -  0.5  ±  j  1.9  ,  targeting  mode  M. 


Using  an  iterative  procedure  in  Mudpack  the  parameters  of  the  compensator  are  calculated 
based  on  (11.11).  The  resulting  FDS  transfer  function  is 


A(s)  =  kfdH{s)  =  kfds 
the  nominal  value  of  the  upper  gain  is  kRm  —  2.02  pu. 


r  si  i 

|“1  +S0.1887 

r  1  i 

_1  +  sl_ 

_1  +s0.799_ 

_1  -%0.02_ 

With  the  FDS  in  service,  the  trajectories  of  the  inter-area  modes  L  and  M,  together  with  that 
of  a  controller  mode  X  associated  with  the  FDS,  are  plotted  in  Figure  11.10  for  Case  1.  It  is 
seen  that  mode  X  becomes  unstable  when  the  stabilizer  gain  kj-ds  =  3.47%  or  0.070  pu  on 
SVC  base.  This  result  is  confirmed  from  the  Bode  plot  of  the  open-loop  transfer  function 
AV£<of)/A  VrejU®f). 
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Figure  11.10  Case  1  with  power  flow  FDS.  Trajectories  of  the  inter-area  modes  L  and  M 
and  stabilizer  mode  X  as  the  stabilizer  gain  kj-ds  is  increased  in  0.5%  steps  from  zero  to  5% 
(0.101  pu  on  SVC  base).  All  PSS  damping  gains  set  to  20  pu. 

In  Table  1 1 .3  the  estimated  rotor  mode  shifts  for  the  inter-area  mode  M  are  compared  with 
the  eigen-analysis-based  (‘actual’)  values  for  a  range  of  stabilizer  gains.  The  estimated  mode 
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shifts  are  based  on  (11.5)  and  the  ‘actual’  shifts  are  calculated  by  the  software  package  for 
the  full  system. 

Table  11.3  Estimated  a  and  actual1’  mode  shifts  in  mode  M  for  Case  1,  k,-ds  =  1  to  4% 


Rotor  mode 
shift 

Stabilizer  gain,  kyds 

1%  (0.020  pu) 

2%  (0.040  pu) 

3%  (0.061  pu) 

4%  (0.081  pu) 

Estimated  shift 

-  0.02  +  y'0.02 

-  0.05  + 70.04 

-0.07  +70.06 

-  0.09  + 70.07 

Estimated  mode 

-0.54  ±71.78 

-0.57  ±71.76 

-0.59  ±71.74 

-0.61  ±71.72 

Actual  mode  shift 

-  0.03  =f 70.02 

-  0.08  =f  70.02 

-0.12  ±70.00 

-0.15  ±70.05 

Actual  mode  value 

-0.55  ±71.78 

-0.60  ±71.78 

-0.65  ±71.80 

-0.68  ±71.85 

a:  Based  on  (11.5).  b:  Calculated  from  eigen-analysis 

Value  of  mode  M  at  kj-ds  =  0  is  -  0.52  ± 71.80  . 

From  the  table  it  is  observed:  (i)  With  increasing  gain  the  left  shift  in  the  real  part  of  the 
mode  calculated  from  eigen-analysis  is  30  to  70%  greater  than  the  corresponding  estimated 
shifts,  (ii)  The  system  is  unstable  at  kfds  =  3.47  %  (0.070  pu),  however,  the  Method  of  Res¬ 
idues  does  not  indicate  that  the  instability  of  a  controller  mode  occurs. 

Allowing  for  a  10  dB  (3.1  times)  margin  the  gain  setting  k^ds  should  be  0.070/3.1=0.022  pu 

(1.1%).  The  associated  mode  shift  is  small  and  therefore  the  operation  of  a  power-stabilized 
FDS  may  not  be  justified  for  this  system  based  on  this  study  alone. 

11.6  Use  of  bus  frequency  as  a  stabilizing  signal  for  the  SVC,  PSVC_5 

It  was  noted  in  Section  11.4.1.1  that  the  frequency-stabilized  FDS  installed  on  the  SVC, 
BSVC_4,  did  not  usefully  contribute  to  the  damping  of  inter-area  modes  K  and  L.  For  the 
purposes  of  coordination  of  stabilizers  in  Chapter  14  it  is  of  interest  to  ascertain  if  the  SVC, 
PSVC_5  at  bus  507,  contributes  to  the  damping  of  any  of  the  inter-area  modes.  The  maxi¬ 
mum  and  minimum  reactive  power  generation  for  PSVC_5  is  320  and  -180  Mvar,  respec¬ 
tively,  giving  a  reactive  range  (Mbase)  of  500  Mvar.  The  relevant  details  are  provided  in 
Table  10.17  and  in  the  block  diagram  of  Figure  11.2;  Sbase  =100  Mvar. 

A  similar  procedure  to  that  outlined  for  BSVC_4  is  followed:  (i)  to  determine  the  parameters 
of  the  FDS,  and  (ii)  to  evaluate  the  damping  performance  of  PSVC_5  by  means  of  the  modal 
trajectories  for  increasing  FDS  gain.  For  this  purpose  the  FDS  at  BSVC_4  is  out  of  service. 

The  local  bus  frequency  Frq  is  used  as  the  stabilizing  signal  and  is  synthesized  from  angular 
perturbations  Aa  (rad)  in  the  terminal  voltage  of  the  SVC,  bus  507  in  Figure  10.1.  For  Cases 
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1  to  6  the  polar  plot  of  the  residues  of  the  inter-area  modes  K,  L  and  M  are  shown  in 
Figure  11.11;  the  damping  gain  of  the  PSSs  is  set  to  20  pu. 
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C  Res i dues  for  TFM 


[FRQ  .PSVC  5  <-  Vref .PSVC_5 
[FRQ  . PSVC" 5  <-  Vref.PSVCJ 
[FRQ  .PSVC  5  <-  Vref  .PSVC_5 


Name  Mag. 

C04  0.075 
(C)  C0G  0.106 


and  MODE  [K] 

and  MODE  [L] 
and  MODE  [M] 


Angle 

-77.54 
-99. 7G 


Figure  11.11  PSVC_5.  Polar  plot  of  the  residues  for  the  transfer  function  AF  /  A  Vref 

for  modes  K,  L  and  M  and  six  operating  conditions.  All  PSS  damping  gains  are  set  to  20  pu 
on  machine  MVA  rating.  The  values  of  modes  K,  L  and  M  are  in  the  vicinity  of 
—  1.0  ±  /4.0  ,  -  0.45  ± y'2.6  and  -  0.5  ±  j  1.9  ,  respectively. 

Note:  the  magnitude  scale  is  to  be  multiplied  by  0.1. 


Because  the  magnitudes  of  the  residues  for  mode  L  in  Figure  11.11  are  two  to  three  times 
greater  than  those  for  modes  M  and  K,  the  FDS  tuning  targets  mode  L.  It  is  evident  from 
Table  11.4  that  the  representative  values  for  PSS  damping  gains  of  20  pu  are  likely  to  lead 
to  a  satisfactory  FDS  design  for  the  case  when  all  PSSs  are  set  to  the  lower  value  of  10  pu. 

Table  11.4  Representative  values  for  evaluation  of 
compensation  transfer  function,  mode  L 


PSS 

gain  (pu) 

Phase  spread 
(deg) 

Represent¬ 
ative  phase 
angle  (deg) 

Compensa¬ 
tion  angle 
(deg) 

Maximum 

residue 

Represent¬ 
ative  modal 
frequency 

20 

-111  ->  -151 

-131 

-49 

0.0294 

-0.45  ±72.6 

10 

-123  ~>  -148 

-136 

-44 

0.0251 

-0.29  ±j2.1 
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The  FDS  transfer  function,  based  on  the  PSS  damping  gains  of  20  pu  is  found  to  be: 


F(S)  =  kfds 


6s 

ri  +  0.14051 

r  1  i 

_1  +  6  s_ 

_1  +  0.685s_ 

_1  +0.033s_ 

kRm 


312  pu; 


(11.13) 


the  same  washout  and  low-pass  filter  time  constants  as  for  the  FDS  of  BSVC_4  are  em¬ 
ployed  to  cover  the  ranges  of  the  inter-area  modal  frequencies. 


To  evaluate  the  effectiveness  in  the  damping  introduced  by  the  FDS  on  PSVC_5  a  similar 
set  of  modal  trajectories  to  those  in  Figure  11.7  are  plotted  in  Figure  11.12. 
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k  1  m,  Casel,  PSS  Gains  10  pu  k  1  m,  Case4,  PSS  Gains  10  pu 

Figure  11.12  Mode  trajectories  for  Cases  1  and  4  as  the  FDS  gain  on  PSVC_5  varies  from 
zero  (shown  by  an  arrow)  to  100  pu  on  device  base  in  10  pu  steps.  In  each  case  all  PSS  damp¬ 
ing  gains  are  set  to  1 0  or  20  pu  on  generator  MYA  rating. 


For  the  range  of  FDS  gains  0  to  100  pu  this  system  is  stable. 


From  the  trajectories  of  the  inter-area  modes  the  following  are  observed. 

•  Mode  L  is  left-shifted  in  the  s-plane  with  a  slight  decrease  in  frequency  when  all  PSSs 
are  set  to  20  pu.  However,  its  improvement  is  limited  in  the  light-load  condition,  Case 
4,  when  the  FDS  gain  exceeds  30  pu. 

•  Improvement  in  the  damping  of  mode  M  is  also  limited  for  Case  1,  the  heavy  load 
condition,  when  the  stabilizer  gain  exceeds  30  to  40  pu. 

•  There  are  marginal  improvements  in  the  damping  of  mode  K,  but  are  limited  for  FDS 
gains  exceeding  30  pu. 
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Because  the  FDSs  on  BSVC_4  and  PSVC_5  induce  marked  shifts  in  modes  M  and  L  respec¬ 
tively,  coordination  between  the  FDSs  is  desirable  to  achieve  the  best  improvement  in  the 
damping  of  these  modes  within  the  limitations  which  have  been  observed.  The  coordination 
of  stabilizers,  PSSs  and  FDSs,  will  be  considered  in  Chapter  14. 

11.7  Tuning  a  FDS  for  a  TCSC  using  a  power  flow  stabilizing  signal 

A  series  capacitor  is  primarily  installed  to  reduce  the  series  inductive  reactance  of  transmis¬ 
sion  lines  thereby  improving  both  the  voltage  and  rotor- angle  stability  of  the  interconnected 
system  [2],  [22]  and  [23],  It  also  reduces  the  voltage  drop  between  buses  straddling  the  line 
and  series  capacitor  -  as  well  as  reducing  the  I2X  losses  in  the  circuit.  The  proportion  of  the 
line’s  series  inductive  reactance  which  the  series  capacitor  cancels  out  depends  on  a  number 
of  factors  which  are  determined  by  the  characteristics  of  the  system,  [23];  such  factors  are 
beyond  the  scope  of  this  discussion. 

For  present  purposes  it  is  assumed  that  in  a  Thyristor-Controlled  Series  Capacitor  (TCSC) 
the  series  reactance  is  effectively  perturbed  by  an  amount  AX  through  the  action  of  the  sta¬ 
bilizer  [24],  Conceptually,  for  perturbations  in  real  power  flow  in  the  line  the  action  of  the 
FDS  is  to  reduce  the  effective  series  reactance  of  the  line  when  the  power  flow  tends  to  in¬ 
crease,  and  vice-versa.  Damping  of  both  the  relevant  modes  and  the  line  flow  perturbations 
is  thereby  improved.  Due  to  the  action  of  its  washout  filter  the  FDS  does  not  respond  to 
relatively  slow  changes  in  the  line’s  real  power  flow  associated  with  changes  in  load  or  in 
generation  dispatch. 

The  Method  of  Residues  is  again  employed  for  the  tuning  of  the  stabilizer  for  the  TCSC; 
this  technique  is  applied  in  [4],  [5],  [25],  [26],  and  Appendix  A  of  [27],  Other  techniques  are 
covered  in  [28],  [30]  and  [31]. 

It  is  assumed  that  equivalent  single  series  capacitance,  located  between  buses  310  and  311 
in  the  simplified  14-generator  system  (see  Figure  10.1),  is  thyristor  controlled  [29],  The 
MVA  base  (Mbase)  for  the  TCSC  is  selected  to  be  300  Mvar,  The  relevant  section  of  the 
network  and  the  format  of  the  stabilizing  controls  are  shown  in  Figure  11.13  (a)  and  (b),  re¬ 
spectively. 

In  Figure  1 1 .13(b),  for  the  purposes  of  analysis,  (i)  a  dummy  reference  is  inserted  in  the  con¬ 
troller,  and  (ii)  the  gain  in  the  forward  path  is  KA  =  1  pu  on  Mbase.  Based  on  the  transmis¬ 
sion  line  data  in  Table  10.19,  the  effective  series  reactance  of  the  two  capacitors  in  parallel 
is  —jO. 01685  pu  on  system  base  (Sbase  =  100  MVA). 
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Area  3 


(a) 


102 


Area  1 


(b) 


APt  pu  on  Sbase;  K^,  AX  pu  on  Mbase 


Figure  11.13 

(a)  TCSC  in  the  simplified  14-generator  system  (see  Figure  10.1  for  bus  numbering). 

(b)  Model  of  FDS  using  the  perturbation  in  the  real  power  flow  A P t  (pu)  through  the  TCSC 
as  the  stabilizing  signal.  (K$  =  Sbase/Mbase=  100/300) 

AX  (pu)  is  the  perturbation  in  the  series  reactance  of  the  equivalent  single  capacitor. 


For  the  purposes  of  testing  the  variation  of  the  residues  with  PSS  damping  gains  it  is  as¬ 
sumed  that  the  inter-area  modes  may  be  heavily  or  lightly  damped  for  all  the  operating  con¬ 
ditions.  Such  damping  is  implemented  by  setting  all  PSS  damping  gains  to  20  pu  or  by 
reducing  all  such  gains  to  5  pu  on  generator  MVA  rating.  The  effect  of  the  gain  reduction 
on  all  the  rotor  modes  in  Cases  1  to  6  can  be  seen  in  Figure  10.26;  for  the  inter- area  modes 
the  associated  eigenvalues  are  listed  in  Table  1 1 .5.  It  is  of  interest  to  learn  if  an  improvement 
in  the  damping  of  the  inter-area  modes  such  that  their  damping  ratios  exceed  0.1  is  achiev¬ 
able  with  the  FDS  installed  on  the  TCSC. 


In  order  to  derive  a  transfer  function  for  the  FDS  we  follow  the  procedure  outlined  in  the 
previous  studies. 

With  no  stabilizers  in  service  on  the  SVCs  and  at  the  TCSC,  the  values  of  the  lightly-  and 
heavily  damped  inter-area  modes  are  listed  in  Table  11.5  for  PSS  damping  gains  of  5  and  20 
pu;  the  residues  are  calculated  for  these  PSS  damping  gains  and  modes. 

According  to  Table  11.5  for  the  operating  conditions  in  Cases  1,  3  and  4  the  power  flow 
through  the  TCSC  is  from  Area  1  to  Area  3,  and  from  Area  3  to  Area  1  for  Cases  2,  5  and 
6.  It  is  therefore  proposed  to  use  the  modulus  of  the  total  power  A Pmod  =  |APf|  through 

the  TCSC  as  the  stabilizing  signal  with  the  object  of  deriving  a  single  FDS  transfer  function 
covering  flows  in  both  directions.  For  the  purpose  of  calculating  the  residues  of  the  transfer 
function  APmod(Xh)/ AVyej{'k^  the  FDS  path  in  Figure  1 1.13(b)  is  open.  Polar  plots  of  the 

residues  are  shown  in  Figures  11.14  and  11.15  for  PSS  damping  gain  settings  of  20  and  5  pu, 
respectively. 
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Table  11.5  Modes  K,  L,  M.  No  FDSs  on  SVCs  and  at  TCSC. 
PSS  gains  5  and  20  pu  on  generator  MYA  rating. 


Case 

TCSC/ 

Line* 

(MW) 

PSS 

gains 

(pu) 

Mode  K 

Mode  L 

Mode  M 

Value 

5 

Value 

5 

Value 

5 

1 

763/ 

984 

5 

-0.18  ±y3.93 

0.05 

-0.05  ±72.57 

0.02 

-0.14  ±71.98 

0.07 

20 

-1.04±/3.64 

0.28 

-  0.39  ± 72.40 

0.16 

-0.52  ±71.80 

0.28 

2 

-1291/ 

-1023 

5 

-0.05  ±/3.75 

0.04 

-0.11  ±72.81 

0.03 

-0.050+7 1.88 

0.03 

20 

-0.77  ±73.54 

0.21 

-0.45  ±72.54 

0.17 

-0.43  ±71.76 

0.24 

3 

730/ 

984 

5 

-0.28±74.02 

0.07 

-0.12±72.63 

0.05 

—0. 16+/2.01 

0.08 

20 

— 1. 12+73.71 

0.29 

-  0.43  ± 72.42 

0.17 

-0.58  ±71.86 

0.30 

4 

58/ 

199 

5 

-0. 14574.74 

0.03 

—0. 13+73.53 

0.04 

-0.16572.64 

0.06 

20 

-  1.08  ±74.58 

0.23 

-0.56  ±73.32 

0.17 

-0.59  ±72.51 

0.23 

5 

-379  / 
-201 

5 

-0.08±74.13 

0.02 

-0.12±73.08 

0.04 

-0.09  ±72. 12 

0.04 

20 

-0.88  ±73.90 

0.22 

-  0.46  ± 72.89 

0.16 

-  0.50  ±  1.96 

0.25 

6 

-141  / 

0 

5 

-0.12±74.80 

0.03 

-0.11  ±73.51 

0.03 

-0.11  ±72.57 

0.04 

20 

-  1.08  ±74.64 

0.23 

-0.57  ±73.30 

0.17 

-0.52  ±72.45 

0.21 

*  Total  power  flow  through  (i)  TCSC  at  and  from  bus  310  (upper  value);  (ii)  Line,  from  bus  102  to  309  at 
309  (lower  value)  E,  -  Damping  ratio 


Figure  11.14  reveals  that  a  lag  compensation  angle  exceeding  60°  would  cause  a  degradation 
in  the  damping  of  Mode  L  for  Case  2.  Four  assumptions  are  therefore  made  in  determining 
the  representative  values  for  calculating  the  compensation  transfer  function,  (i)  The  degra¬ 
dation  in  mode  L  is  ignored  unless  it  becomes  excessive  (i.e.  other  stabilizers  are  capable  of 
providing  additional  damping  for  this  mode),  (ii)  The  target  mode  for  improvement  in 
damping  is  mode  K.  (iii)  The  FDS  on  the  TCSC  is  switched  off-line  only  when  the  steady- 
state  power  flow  in  the  TCSC  is  less  than  200  MW,  i.e.  in  Cases  4  and  6.  (iv)  It  is  anticipated 
that  PSS  damping  gains  are  normally  in  the  vicinity  of  20  pu  on  machine  base. 

For  the  FDSs  designed  for  SVCs  it  is  noted  in  mode  trajectories,  such  in  Figure  11.12,  that 
the  imaginary  parts  of  the  modes  tend  to  decrease  with  increasing  gain  when  the  compen¬ 
sation  shifts  the  residue  such  that  the  imaginary  part  of  the  residue  is  negative.  For  example, 
in  Figure  11.14  the  residue  for  mode  K,  Case  5,  is  6.1Z-70.70 ;  if  the  compensation  angle 
were  90°  lagging,  say,  the  residue  is  shifted  to  -161  ° .  It  is  therefore  decided  to  provide  over¬ 
compensation  with  a  compensation  angle  of  -1 10°  in  order  to  increase  the  frequency  of  os¬ 
cillation  of  the  inter-area  modes;  this  applies  to  Cases  1,  2,  3,  and  5. 
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B  Residues  for  TFM  [PMOD.TCSC  <—  Vref.TCSC]  and  MODE  [L]  Scale:  multiply  by  1.00E+02 

C  Residues  for  TFM  [PMOD.TCSC <—  Vref.TCSC]  and  MODE  [M] 

Figure  11.14  TCSC:  Polar  plot  of  the  residues  for  the  transfer  function 

A Pmod(Xh)/ A  F,.ey(A/,)  for  modes  K,  L  and  M  and  six  operating  conditions. 

All  PSS  damping  gains  set  to  20  pu.  Note:  magnitude  scale  is  to  be  multiplied  by  100. 
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Figure  11.15  TCSC:  Polar  plot  of  the  residues  for  the  transfer  function 
APmod(Xh)/ A  Vre^kh)  for  modes  K,  L  and  M  and  six  operating  conditions. 

All  PSS  damping  gains  set  to  5  pu.  Note:  magnitude  scale  is  to  be  multiplied  by  100. 
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For  the  FDSs  designed  for  SVCs  it  is  noted  in  mode  trajectories,  such  in  Figure  11.12,  that 
the  imaginary  parts  of  the  modes  tend  to  decrease  with  increasing  gain  when  the  compen¬ 
sation  shifts  the  residue  such  that  its  imaginary  part  is  negative.  For  example,  in  Figure  11.14 
the  residue  for  mode  K,  Case  5,  is  6.1  Z-70.70  ;  if  the  compensation  angle  were  90°  lagging, 
say,  the  residue  is  shifted  to  -161°.  It  is  therefore  decided  to  provide  over-compensation 
with  a  compensation  angle  of  -1 10°  in  order  to  increase  the  frequency  of  oscillation  of  the 
inter-area  modes;  this  applies  to  Cases  1,  2,  3,  and  5. 

It  is  decided  to  base  the  calculation  of  the  compensation  transfer  function  on  PSS  damping 
gains  of  20  pu  because: 

•  the  nature  of  the  residues  in  Figures  11.14  and  11.15  are  comparable  for  PSS  damping 
gains  set  to  20  and  5  pu,  respectively; 

•  the  representative  values  in  Table  1 1.6  for  5  pu  PSS  damping  gains  are  essentially  cov¬ 
ered  by  those  for  the  20  pu  gain  settings. 

Table  11.6  Representative  values  for  evaluation  of  the  compensation 
transfer  function,  mode  K  (excluding  Cases  4  and  6) 


PSS 

damping 
gain  (pu) 

Phase  spread 
for  K  (deg) 

Represent¬ 
ative  phase 
angle  (deg) 

Compensa¬ 
tion  angle 
(deg) 

Revised 
Comp,  angle 
(deg) 

Represent¬ 
ative  residue 

Represent¬ 
ative  modal 

value 

20 

-71  ->  -93 

-82 

-98 

-110 

20.3 

-  1  ±j  4 

5 

-86  ->  -100 

-93 

-87 

-110 

20.1 

-  0.14  ± y'4.2 

The  transfer  function  is  therefore  based  on  the  representative  values  for  PSS  gains  of  20  pu. 
Because  the  required  phase  lag  is  greater  than  60°  and  less  than  120°  a  second-order  trans¬ 
fer  function  is  selected  (see  Appendix  6—1.1).  The  transfer  function  is  therefore: 


AVref  =  , 

A  Pmod  fds 


H(s) 


k  ■  6s 
Kfds  1  +  6.? 


T  +0.078?12 
_1  +0.429?_ 


1 

1  +0.025? 


kRm 


0.404  pu.  (11.14) 


11.7.1  Gain  range  for  the  stability  of  TCSC  with  the  FDS  in  service 

Maximum  power  flow  through  the  TCSC  from  buses  310  to31 1  occurs  in  Cases  1  and  2  (763 
and  -1291  MW,  respectively).  Analysis  to  establish  the  range  of  gains  for  which  the  system 
is  stable  is  based  on  the  Bode  plot  of  the  open-loop  transfer  function  A  V  (j (By)/ A  Vrej(j(0 j) 

1 

and  assumes  (i)  negative  feedback  at  the  open-loop  summing  junction  ,  (ii)  there  are  no 
open-loop  poles  in  the  right-half  of  the  5-plane.  For  Cases  1  and  2  and  with  all  PSS  damping 
gains  set  to  20  pu  the  Bode  plot  of  the  open-loop  transfer  function  AVp{j(oj)/ AVreXj(oj)  is 
shown  in  Figure  11.16.  With  the  FDS  in  closed-loop  operation  the  plot  establishes  for 


1.  Positive  feedback  of  the  FDS  transfer  function  is  assumed  in  Figure  11.13. 
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Case  1  that  the  system  is  stable  -  theoretically  -  over  the  gain  range  zero  to  infinity.  In  prac¬ 
tice  due  to  unmodelled  dynamics  the  gain  range  for  system  stability  may  be  limited.  Howev¬ 
er,  for  Case  2  the  Bode  Plot  reveals  that  the  system  is  unstable  for  stabilizer  gains  exceeding 
0.21  pu  on  the  TCSC  base  (this  limit  corresponds  to  51.5%  of  the  nominal  upper  gain  of 
0.404  pu).  Eigen- analysis  of  the  closed-loop  system  reveals  that  a  mode  associated  with  a 
stabilizer  state  migrates  into  the  right-half  of  the  s-plane  at  the  limiting  value  of  gain. 


Frequency  (rad/s) 


Case  1  -  Case  2 


Figure  11.16  TCSC.  Cases  1  and  2:  Open-loop  frequency  responses  of  the  FDS  and  SVC, 
Case  1  is  stable  over  the  gain  range;  for  Case  2  the  gain  margin  is 

-13.6  dB  at  0.35  rad/ s.  All  PSS  damping  gains  20  pu  on  generator  MVA  ratings. 

11.7.2  Inter-area  mode  trajectories  with  increasing  stabilizer  gain 

The  stabilizer  transfer  function  is  given  by  (11.14).  With  the  stabilizer  loop  closed,  it  is  de¬ 
sirable  (i)  to  assess  the  nature  of  the  variation  of  the  inter-area  modes  K,  L  and  M  as  the 
value  of  the  gain  kj-ds  is  increased,  and  (ii)  to  compare  modal  values  with  those  estimated 

based  on  (11.5)  of  the  Residue  Method.  For  the  heavier  load  Cases  1  and  2,  and  for  stabilizer 
gain  settings  between  zero  and  0.135  pu,  the  trajectories  of  the  inter-area  modes  are  plotted 
in  Figure  11.17.  The  modal  trajectories  are  the  eigen- value  plots  calculated  by  the  Mudpack 
software  package. 

In  Figure  11.17  for  Case  1  the  estimated  values  based  on  (11.5)  of  the  Residue  Method  agree 
closely  with  those  from  eigen- analysis.  However,  for  Case  2  in  Figure  11.17  the  modal  values 
calculated  from  eigen-analysis  diverge  from  those  estimated  for  FDS  gains  greater  than 
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0.045  pu.  As  predicted  from  the  plot  of  residues  for  Case  2,  the  damping  of  mode  L  degrades 
slightly  with  increasing  FDS  gain. 
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Figure  11.17  TCSC,  Cases  1  and  2.  Trajectories  of  the  inter-area  modes  K,  L  and  M  as  the 
stabilizer  gain  is  increased  from  zero  (shown  by  an  arrow)  to  0.135  pu  in  0.015  pu  steps. 

All  PSS  damping  gains  are  set  to  20  pu  on  machine  MVA  rating. 

Z:  Estimated  mode  values  from  (11.5)  for  stabilizer  gain  kj-ds  of  0.03,  0.06  and  0.09  pu  on 

TCSC  base. 


For  this  study  there  are  only  a  few  feasible  operating  conditions  on  which  to  base  the  tuning 
of  the  FDS  with  confidence.  In  addition  to  line  and  other  outages  conditions  it  would  be 
desirable  to  include  operating  conditions  in  which  the  flow  through  the  TCSC  from  Area  1 
to  Area  3  is  of  a  comparable  magnitude  to  that  in  Case  2,  i.e.  about  1300  MW.  Clearly  the 
range  of  encompassing  conditions  needs  to  be  widened  -  and  the  benefits  established  -  in 
order  to  justify  an  expensive  FACTS  device  such  as  a  TCSC  with  stabilizing  controls. 

11.8  Concluding  comments 

11.8.1  Improving  the  damping  of  inter-area  modes  using  FACTS  devices 

A  number  of  papers  on  the  tuning  of  a  stabilizer  for  a  FACTS  device  consider  a  SMIB  sys¬ 
tem  or  simple  four  machine  system  with  a  single  inter-area  mode.  However,  the  examples 
in  this  chapter  illustrate  the  potential  difficulties  of  developing  such  a  stabilizer  at  a  particular 
location  in  a  multi-modal,  multi-machine  system,  particularly  as  the  location  of  the  device  is 
chosen  primarily  for  reasons  other  than  damping  rotor  modes.  Consequently,  the  stabilizer 
may  not  be  able  to  provide  the  desired  damping  for  some  or  all  the  lightly-damped  modes 
of  concern.  The  examples  do  suggest  that  a  number  of  locations  at  which  FACTS  devices 
are  situated  could  be  examined  to  determine  their  suitability  for  improving  the  damping  par¬ 
ticular  modes.  While  the  frequency-stabilized  FDS  might  be  feasible  for  BSVC_4  for  im¬ 
proving  the  damping  of  the  inter-area  mode  M  (in  Section  11.4.1),  it  has  a  much  smaller 
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effect  on  mode  L.  A  FDS  in  some  other  part  of  the  network  may,  because  of  its  location, 
provide  superior  damping  for  mode  L  but  may  be  less  effective  for  mode  M.  It  might  there¬ 
fore  be  useful  to  screen  the  appropriate  FACTS  devices  to  ascertain  if  a  stabilizer  installed 
on  the  device  might  be  effective  in  damping  particular  modes. 

In  considering  the  FACTS  devices  in  the  14-generator  system  analysed  in  Chapter  10  there 
are  a  number  of  sites  at  which  SVCs  are  located.  However,  an  examination  -  for  example  - 
of  the  residues  of  the  SVC  in  Area  3,  RSVC_3,  reveals  that  over  the  range  of  operating  con¬ 
ditions  a  FDS  installed  on  this  SVC  produces  relatively  much  greater  mode  shifts  for  the 
inter-area  mode  K  than  for  modes  L  and  M.  Furthermore,  other  analyses  show  that  incre¬ 
menting  the  PSS  damping  gain  of  the  generators  at  LPS_3  in  Area  3  is  very  effective  in  en¬ 
hancing  the  damping  of  mode  K.  A  stabilizer  installed  on  this  SVC  would  have  been  of  more 
interest  if  it  were  relatively  more  effective  in  damping  mode  L,  say. 

11.8.2  Robustness  of  FDSs 

In  tuning  fixed-parameter  FDSs  the  concept  of  robustness  is  based  on  the  following  con¬ 
siderations: 

•  there  are  two  important  components  of  a  fixed-parameter  FDS  transfer  function 
kfdsGc{s)  which  should  be  decoupled  for  practical  purposes; 

(a)  the  rotor  modes  are  more-or-less  directly  left-shifted  by  the  FDS  compen¬ 
sating  transfer  function  Gc(s)  with  increase  in  the  FDS  gain,  kj-js 

(b)  the  extent  of  the  left-shift  of  the  rotor  modes  is  determined  by  the  gain, 
kfds  ’ 

•  ideally,  the  incremental  left-shifts  of  the  rotor  modes  are  linearly  related  to  increments 
in  FDS  gain  for  changes  about  selected  nominal  values. 

•  such  considerations  should  apply  over  the  set  of  encompassing  operating  conditions 
and  an  appropriate  range  of  rotor  modes. 

The  securing  of  a  predominately  left-shift  of  the  relevant  modes  with  increasing  stabilizer 
gain  is  a  requirement  for  the  simultaneous  coordination  of  PSSs  and  FDSs  in  Chapter  14, 

[32]. 

From  the  various  studies  presented  in  this  chapter  it  is  clear  that  the  task  of  ensuring  robust¬ 
ness  is  complex  and  time-consuming.  In  particular  the  FDS  typically  enables  the  damping 
of  certain  modes  only,  such  damping  being  found  to  be  dependent  upon  the  location  of  the 
FACTS  device  in  the  system  and  the  type  of  stabilizing  signal  employed. 


1.  This  is  not  a  ‘damping’  gain  which  is  associated  with  P-Vr  based  PSS  tuning. 
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Unlike  the  P-Vr  characteristics  which  contributes  robustness  in  the  analysis  of  generator 
PSS  parameters,  there  appears  to  be  no  corresponding  system  characteristics  for  the  deter¬ 
mination  of  FDS  parameters.  The  issue  of  robustness  of  FDSs  is  a  deficiency  associated  with 
the  Method  of  Residues. 

11.8.3  Estimated  versus  calculated  mode  shifts 

From  the  mode  trajectories  for  increasing  stabilizer  gains  in  Figures  11.7  and  11.17  it  is  ob¬ 
served  that  the  value  of  the  estimated  mode,  derived  from  the  mode  shift  calculated  using 
(11.5),  diverge  significandy  at  higher  gains  from  those  calculated  using  eigen-analysis. 

The  estimated  mode  shifts  are  based  on  the  simple  relations  in  (11.5)  or  (1 1 .6).  These  do  not 
account  of  the  characteristics  of  a  multi-machine  system.  In  particular,  as  is  well-known  in 
the  root-locus  analysis  of  transfer  functions,  with  increasing  gain  the  modes  migrate  from 
the  open-loop  poles  to  the  finite  system  zeros  or  those  zeros  at  infinity.  As  the  gain  of  the 
FDS  is  increased  from  zero,  the  influence  of  system  zeros  arises  and  the  mode  trajectories 
deviate  from  the  ideal  direct  left-shift,  or  approach  a  close-by  zero.  Moreover,  these  modes 
may  diverge  from  the  estimated  left-shift  at  relatively  low  or  high  gains.  If  there  are  open- 
loop  zeros  in  the  right-half  s-plane,  poles  may  migrate  towards  them  resulting  in  instability, 
possibly  at  a  relatively  low  value  of  stabilizer  gain. 

11.8.4  The  notion  of  a  ‘nominal  upper  gain’  for  FDSs 

The  value  of  the  stabilizer  gain  can  be  expressed  as  a  fraction  or  a  percentage  of  the  so-called 
‘nominal  upper  gain’,  kRm  (per  unit).  Note  that  (11.7)  shows  that  kRm  is  inversely  propor¬ 
tional  to  the  representative  value  selected  for  the  magnitude  of  the  residue.  If  the  largest 
magnitude  is  chosen  then  the  value  of  k^sR  =  0.1  x  kRm  may  provide  a  notional  warning 

that  the  mode  shift  may  no  longer  increase  linearly  with  increase  in  stabilizer  gain  for  certain 
modes  or  operating  conditions.  As  stated  above,  it  has  been  shown  that  in  multi-machine 
systems  a  number  of  other  factors  may  result  in  linear  changes  in  mode  shift  ceasing  at  lower 
values  of  k^^R  .  Depending  on  the  application,  the  latter  values  may  provide  a  convenient 
or  meaningful  gain  limit  -  or  a  warning  for  the  user. 
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Chapter  12 


The  Concept,  Theory,  and  Calculation  of 

Modal  Induced  Torque  Coefficients 


12.1  Introduction 

In  this  chapter  the  concept,  the  theory,  and  calculation  of  modal  induced  torque  coefficients 
(MITCs)  in  multi-machine  power  systems  are  introduced.  The  concept  of  a  modal  induced 
torque  coefficient  is  new  [1],  [2],  It  forms  the  basis  for  calculation  of  the  shifts  in  rotor 
modes  when  the  stabilizer  gains  of  one  or  more  PSSs  and / or  FDSs  are  incremented  by  Ak 
(pu)  on  device  base.  Based  on  the  concept  of  MITCs,  the  background  theory  of  the  rotor 
modes  shifts,  together  with  analysis  of  the  effectiveness  of,  and  interactions  between,  PSSs 
and  FDSs  in  multi-machine  systems  are  described  in  Chapter  13. 

The  theoretical  development  of  MITCs  in  this  chapter  is  fairly  detailed  and  can  be  omitted 
if  the  practical  applications  of  the  analysis  of  rotor  modes  shifts  are  of  primary  interest. 
Where  relevant,  references  are  made  in  Chapter  1 3  to  the  results  and  equations  that  are  de¬ 
veloped  in  this  chapter.  A  case  study  in  the  latter  chapter  demonstrates  the  significance  of 
the  MITCs  and  the  insights  that  they  provide  into  the  dynamic  performance  of  a  multi-ma¬ 
chine  power  system. 

In  essence,  the  concept  of  a  modal  induced  torque  coefficient  is  a  further  development  of 
the  concepts  of  damping  and  synchronising  torque  coefficients  based  on  frequency  re¬ 
sponse  analysis  (i.e.  s  =  joy)  [1],  In  this  chapter  the  torque  coefficients  are  evaluated  at  the 
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complex  rotor  modes  (fh  =  a  ±  j co).  The  frequency- analysis-based  torque  coefficients  are 
introduced  in  Section  5.3  for  a  SM1B  system  and  in  Sections  9.5  and  10.6  for  the  multi-ma¬ 
chine  case.  With  shaft  dynamics  enabled ,  the  modal  induced  torque  coefficient,  1^- ,  for  the 

complex  rotor  mode  X,  is  defined  as  a  complex  torque  coefficient  which  is  induced  on  gen¬ 
erator  i  due  to  a  perturbation  in  the  stabilizing  signal  of  stabilizer  j.  The  stabilizer  in  question 
may  be  a  power  system  stabilizer  (PSS)  or  a  FACT  device  stabilizer  (FDS)  installed  on  a 
FACTS  device.  Such  FACTS  devices  are  static  var  compensators  (SVCs),  high  voltage  DC 
links,  thyristor  controlled  series  capacitors  (TCSCs)  among  others.  It  will  be  shown  that  the 
effect  of  any  such  stabilizer  on  the  damping  of  any  mode  of  rotor  oscillation  can  be  quanti¬ 
fied.  The  concept  can  be  extended  to  other  devices  such  as  wind  turbine  generators,  photo- 
voltaics  and  any  other  power-converter  based  transmission  or  generation  equipment.  The 
calculation  of  the  MITC  is  from  any  controller  to  the  effective  induced  torque  coefficient 
on  a  specific  synchronous  generator.  The  controller  may  be  installed  on  another  synchro¬ 
nous  generator  on  or  any  other  dynamic  device. 

The  analysis  of  the  torque  coefficients  for  generator  i  in  the  earlier  chapters  is  based  on  the 
frequency  response  of  the  transfer  function  A  P0j(s)/ Aro  fs)  \  s  =  all  machine  dynamics 

being  disabled.  However,  it  is  possible  that  due  to  perturbations  in  the  speed  of  machine  j  a 
torque  coefficient  is  induced  on  generator  i.  However,  because  we  cannot  relate  speed  per¬ 
turbations  on  machine  j  to  those  on  generator  i  when  the  shaft  dynamics  are  disabled,  the 
component  of  electro-magnetic  torque  induced  by  perturbations  on  generator  i,  A P0jj(J(Of)  . 

in  phase  with  speed  perturbations  on  generator  i,  Aco;(/cOy) ,  cannot  be  calculated,  i.e.  the 

damping  torques  induced  by  other  machines  on  generator  i  are  not  available.  However,  the 
concept  of  modal  induced  torque  coefficients  (MITCs)  overcomes  this  problem  and  facili¬ 
tates,  among  other  outcomes,  the  calculation  of  synchronizing  and  damping  torque  coeffi¬ 
cients  at  modal  frequencies.  Essentially  the  analysis  is  divided  in  parts,  (i)  analysis  with  rotor 
dynamics  enabled ;  (ii)  analysis  based  on  part  (i)  to  derive  the  MITCs;  (iii)  analysis  based  on 
the  MITCs  to  derive  mode  shifts  due  to  stabilizer  gain  increments  (this  analysis  is  conducted 
in  Chapter  13).  The  advantage  of  this  approach  is  that  it  facilitates  the  study  of  (i)  the  effects  of 
controls  on  individual  rotor  modes,  and  (ii)  the  relative  effects  of  controls  on  a  set  of  selected 
modes.  It  should  be  emphasized  that  the  analysis  of  a  large  system  with  shaft  dynamics  enabled 
is  complex,  and  the  effects  of  controls  on  selected  modes  may  be  difficult  to  separate  out. 

For  the  purposes  of  generality  in  the  initial  analysis  of  MITCs,  it  is  assumed  that  the  con¬ 
troller  to  which  all  n  speed  stabilizing  signals  are  fed  is  a  “centralized”  PSS,  a  full  n  x  n  ma¬ 
trix  transfer  function.  Following  the  derivation  of  a  set  of  general  results,  “decentralized” 
PSSs  are  employed  in  which  the  PSS  matrix  transfer  function  is  diagonal.  The  decentralized 
stabilizer  is,  of  course,  the  practical  form  of  the  PSS.  Likewise  for  FACTS  devices,  the  z  lo¬ 
cal  stabilizing  signals  are  transmitted  to  a  centralized  FDS  which  is  represented  by  a  full  zxz 
matrix  transfer  function.  Each  output  of  the  centralized  FDS  is  then  fed  to  the  summing 
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junction  of  the  controller  on  each  FACTS  device.  In  the  practical  form  of  the  decentralized 
FDS  the  matrix  transfer  function  is  diagonal. 

This  chapter  is  structured  as  follows.  In  Sections  12.2.2  to  12.5  the  concept  of  the  modal 
induced  torque  coefficient  (MITC)  is  introduced  and  its  physical  significance  is  explained. 
In  order  to  apply  the  concepts  to  a  multi-machine  system  a  transfer  function  model  of  the 
system  and  its  controllers  is  derived,  in  Section  12.3.  Furthermore,  a  method  is  outlined  for 
calculating  MITCs  when  either  a  centralized  PSS  or  FDS  is  in  service.  The  application  to 
decentralized  controllers  follows  in  Section  12.6.  Using  parameter-perturbation  analysis  in 
the  remaining  parts  of  the  chapter,  the  relationship  between  MITCs  and  stabilizer  gains  is 
established.  On  this  relationship  is  based  the  calculations  in  Chapter  1 3  of  the  shifts  in  the 
rotor  modes  of  oscillation  caused  by  an  increment  in  the  gain  of  any  or  all  stabilizers. 

12.2  The  Concept  of  Modal  Induced  Torque  Coefficients  (MITCs) 

12.2.1  Conventional  frequency  response  techniques  versus  modal  analysis 

In  previous  chapters  the  analysis  of  decentralised,  fixed-parameter  PSSs  and  FDSs  has  been 
based  mainly  on  frequency  response  techniques,  i.e.  with  s  =  joy.  However,  in  the  analysis 
that  follows  we  are  interested  in  the  components  of  torques  of  electromagnetic  origin  in¬ 
duced  on  the  shaft  of  a  generator  at  a  modal  frequency  of  rotor  oscillation,  s  =  X  =  a  ±  j to  , 
through  the  action  of  a  generator  or  FACTS  device  stabilizer.  Because  certain  relationships 
[(12.67)  and  (12.69)]  apply  only  at  a  modal  frequency  of  rotor  oscillation  s  =  X  ,  modal  anal¬ 
ysis  must  be  employed  in  the  associated  analysis.  [It  is  easy  to  show  that  for  a  complex  modal 
frequency  s  =  X  =  a  ±  ja> ,  which  is  a  damped-sinusoid,  the  response  of  the  transfer  func¬ 
tion  G(s )  at  that  modal  frequency  (and  only  at  that  modal  frequency),  is  G(k) .  The  deriva¬ 
tion  of  this  result  is  similar  to  that  in  Section  2.11  for  G(s)].  For  the  sake  of  generality, 
however,  in  parts  of  Sections  12.2.4  to  12.6  which  are  applicable  in  both  the  domains 
s  =  jay  and  X  =  a  ±ja>  the  relevant  expressions  are  expressed  as  functions  of  the  form 

F(s). 

12.2.2  Modal  torque  coefficients  induced  by  the  action  of  a  power  system  stabi¬ 
lizer 

Two  generators  in  a  linearized  representation  of  a  multi-machine  power  system  are  shown 
in  Figure  12.1(a).  The  speed-input  PSS  on  machine  j  is  assumed  to  be  in  service;  machine  i 
is  not  fitted  with  a  stabilizer.  A  small  system  disturbance  is  assumed  to  occur  which  results 
in  (i)  only  the  hth  complex  mode  of  rotor  oscillation,  Xh  ,  being  excited;  (ii)  the  rotors  of  the 
generators  being  perturbed  from  synchronous  speed.  For  machines  i  and  j,  the  relative  mag¬ 
nitude  and  phase  of  perturbations  in  their  speeds,  Aro;-  and  Aa>j ,  respectively,  are  related  by 
(12.67)  in  Appendix  12—1.1  (repeated  here): 
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At0A/,)  =  vjh 

Ami(h)  vih  ’ 


(12.1) 


where,  for  the  eigenvalue  /,ft  ,  vjh  and  v/ft  are  the  ith  and  jth  elements  of  the  right-eigenvector 
corresponding  to  the  respective  speed  states  of  the  two  generators. 


(a)  Action  of  PSS  j 


(b)  Action  of  FDS  j 


Figure  12.1  (a)  Conceptually,  at  complex  modal  frequency  s  =  ,  due  to  speed  pertur¬ 

bation  on  machine  j  acting  through  its  PSS,  the  MITCs  T^pi-  and  I^,  -  -  for  mode  ^  are  in¬ 
duced  on  machines  i  and  j  respectively. 

(b)  Likewise,  the  electrical  torque  coefficient  is  induced  on  machine  i  due  to  the  per¬ 
turbation  in  the  local  stabilizing  signal  A\|/  •  acting  through  the  FDS  on  FACTS  device  j. 


Consider  in  Figure  12.1(a)  the  signal  path  from  the  speed  perturbation  Aco  -  through  PSS  j 
to  the  torque  of  electro-magnetic  origin  acting  on  the  rotor  of  generator  j.  As  has  been  dis¬ 
cussed  in  Section  10.6,  there  will  be  in  the  latter  torque  a  component  A PTjj  induced  on  the 

shaft  of  generator  j  by  its  own  PSS.  However,  there  is  also  a  signal  path  from  Aco  ■  through 
PSS  j  to  the  electrical  torque  component  A  PTij  on  the  rotor  of  generator  i.  The  component 
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of  A PTij  on  generator  i  in  phase  with  the  speed  perturbation  Aco(-  on  generator  i  is  a  damping 
torque  induced  on  that  generator;  this  torque  arises  from  the  perturbation  in  A  a > .  and  the  action 
ofPSS  j  [3].  Consequendy,  for  the  complex  modal  frequency  ,  a  complex  modal  induced 
torque  coefficient,  Tpjj,  can  be  defined  which  relates  the  change  in  a  component  of  the 
torque  of  electro-magnetic  origin  A PTij  on  generator  i  to  the  change  in  speed  Aro^  on  the 

same  machine,  the  electrical  torque  being  a  result  of  the  perturbation,  say,  of  the  input  signal 
on  stabilizer  j,  i.e. 


=  AijA  “ho¬ 
using  (12.1)  the  torque  coefficient,  Tp ,-y,  may  be  expressed  as  follows: 


A  PTij 

fpiJ  Aco 


ih)  = 


A  P 


pss, 


Tij 


Ami 


(*) 


■s  =  Xk 


Am.  A  PTij 

fP*  '  iff* 


fSSj 


s  =  X, 


JJl 

vih 


(12.2) 


(12.3) 


The  term  in  (12.3), 


APTij/A(Oj 


pss- 


is  the  transfer  function  from  the  speed  of  machine 

j,  A  to . ,  through  PSS  j  to  the  electrical  torque  component  APTjj- .  The  effect  of  the  term, 
Vy h / vih  ,  is  to  relate  the  perturbation  in  A PTij-  to  a  perturbation  in  speed  Am;-  on  machine  /, 
rather  than  machine  j.  Because,  in  (12.3),  there  are  components  of  A PTj-  on  machine  /  in 
phase  and  quadrature  with  Am;,  the  concept  of  damping  and  synchronising  torques  can  be 
employed  [4],  Conceptually,  the  complex  modal  induced  torque  coefficient,  ThPij ,  can  be 

considered  to  be  embedded  in  the  linearized  model  of  machine  /,  as  shown  in  the  dashed 
blocks  of  Figure  12.1(a). 


An  examination  of  the  linearized  model  of  Figure  12.1(a)  reveals  that  a  modal  torque  coef¬ 
ficient  is  also  induced  on  machine  i  due  to  a  speed  perturbation  on  machine  j  acting  through 
the  feedback  path  of  the  rotor  angle  A5y  of  machine  /;  this  path  is  parallel  to  that  of  PSS  j. 

Though  not  shown  in  Figure  12.1(a),  this  is  an  inherent  torque  coefficient.  Since  the  inherent 
torque  coefficient  is  associated  with  a  path  which  is  independent  of  the  PSS  feedback  path, 
it  is  induced  on  the  generators  both  in  the  absence  and  presence  of  the  PSS.  However,  the 
emphasis  in  this  and  Chapter  13  is  on  the  role  of  stabilizers  in  enhancing  the  damping  per¬ 
formance  of  the  multi-machine  power  system.  Nevertheless,  it  is  important  to  ensure  that 
negative  inherent  modal  torque  coefficients  are  not  significant  enough  to  swamp  out  the 
positive  torque  coefficients  induced  by  the  PSS. 

12.2.3  Modal  torque  coefficients  induced  by  the  action  of  a  FACTS  device  stabi¬ 
lizer 

Consider  a  FACTS  device  in  service  in  a  multi-machine  power  system.  In  Figure  12.1(b)  are 
shown  representative  elements  of  a  linearized  model  of  the  power  system  consisting  of  n 
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generators  and  z  FACTS  devices  and  z  FDSs.  An  examination  of  the  figure  reveals  there  is 
a  signal  path  from  the  local  stabilizing  signal,  Ay/  ■ ,  through  FDS  j  to  the  electric  torque  com¬ 
ponent  A PTij  on  generator  i. 


In  the  analysis  of  the  matrix  transfer  function  representation  of  the  multi-machine  system 
in  Section  12.3  a  system  output  vector  is  defined  in  (12.10)  as: 

AT  =  [APel,  ...,  APen,  Ay/p  ...,  A^y  =  [Ayv  ...,Ayn,Ayn+l,  ...,Ayn  +  zf ,  (12.4) 

where  A  Pej  is  the  electrical  power  output  of  generator  i;  the  vector  of  the  z  FDS  stabilizing 

T 

signals  is  AT  =  [Ay/p  ...,  Ay/_]  .  As  a  result  of  a  perturbation  in  the  stabilizing  signal  Ay/, 
a  complex  modal  torque  of  electromagnetic  origin  is  induced  on  the  shaft  of  the  generator 
i.  The  electric  torque  component  A PTjj  induced  on  the  shaft  of  machine  i  can  be  expressed 
as: 


A  Pw(h) 


A  P 


m 


Ay/. 


(.K) 


Ay j  =  l,z- 


(12.5) 


fds. 


Again,  of  particular  interest  for  generator  i  is  the  component  of  A PTjj  in  phase  with  the 

speed  on  machine  i.  To  determine  the  induced  damping  and  synchronising  torques,  (12.5) 
must  be  modified  such  that  the  induced  electrical  torque  component  on  machine  i  is  related 
to  its  own  speed  perturbation,  Any- .  If  a  single  mode  of  rotor  oscillation,  Xh ,  is  excited  then 


the  relative  magnitude  and  phase  of  the  two  signals,  Aey-  and  the  FDS  stabilizing  signal,  Ay/-, 
can  be  calculated  using  (12.69)  in  Appendix  12—1.1, 


Ay/.  Ay 


Cq*V*h 


vih 


where 


(12.6) 


q  —  ( n+j )  since  Ay/  -  is  both  the  (n+j)t/j  element  of  the  output-vector  AT  and  the  jth 
of  AT; 

c  is  the  qth  row  vector  of  the  output  state  matrix  C; 

Vjt  is  the  right-eigenvector  of  the  eigenvalue  'kh  ;  and 

vih  is  the  i,h  element  of  vh  corresponding  to  the  speed-state  of  generator  /'. 


For  the  purposes  of  analysis,  however,  it  is  again  more  convenient  to  define  a  complex  in¬ 
duced  torque  coefficient  rather  than  consider  the  induced  torque  itself.  The  modal  torque  co¬ 
efficient  induced  on  machine  i  due  to  the  action  of  FDS  j  is  7^-  therefore  defined  as 

APTipjh)  ~  ■ 


(12.7) 
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Using  (12.6)  an  expression  for  the  torque  coefficient  is  derived: 

A  P 


Th  =  APTij 
TpiJ  Aco, 


(K) 


Tij 


Av| /, 


(h) 


A\\>. 


Fij 

A  P 


Tij 


fdsj 


A\|/. 


(h) 


fds. 


Cq*V*h 
Vih 


(12.8) 


The  term,  APTjj(Xh)/ A\\tj(Xh) ,  in  (12.8)  is  the  transfer  function  from  the  stabilizing  signal 
Av|t  ■  through  FDS  j  to  the  torque  component  A PTjj  on  machine  i,  evaluated  at  the  mode  of 
interest.  This  gives  the  component  of  electrical  torque  induced  on  machine  i  due  to  pertur¬ 
bation  in  A \\)j .  The  second  term,  c  tll/ v ifl ,  relates  the  perturbation  in  torque  A PTjj  to 
the  perturbation  in  speed  Ae>;.  on  machine  i.  Because  in  (12.7)  there  are  components  of 
A PTjj  on  machine  i  in  phase  and  quadrature  with  Aco(- ,  the  concept  of  damping  and  syn¬ 
chronizing  torques  can  again  be  applied.  As  was  the  case  in  Figure  12.1(a),  the  complex 
MITC  7*  can  also  be  considered,  conceptually,  to  be  embedded  in  the  linearized  model  of 
machine  i,  as  shown  in  Figure  12.1(b). 


12.2.4  Modal  torque  coefficients  induced  by  centralized  stabilizers 

In  the  following  analysis  it  is  assumed  that  a  single  centralized  PSS  accepts  n  speed  input 
signals  and  supplies  n  output  signals  to  the  n  generators.  Similarly,  a  centralized  FDS  accepts 
z  stabilizing  signals  and  delivers  z  output  signals  at  the  z  summing  junctions  of  the  FDSs. 
The  assumption  that  the  stabilizing  signals  of  the  centralized  PSS  are  shaft  speeds  is  made 
for  convenience,  but  is  not  a  necessary  condition  for  the  analysis;  the  theory  of  modal  in¬ 
duced  torque  coefficients  can  be  developed  for  an  appropriate  stabilizing  signal. 


In  order  to  analyse  the  contributions  to  the  MITCs  on  generators  by  the  PSSs  and  FDSs  in 
a  multi-machine  system  a  transfer  function  matrix  model  of  a  power  system  is  first  derived. 

12.3  Transfer  function  matrix  representation  of  a  linearized  multi¬ 
machine  power  system  and  its  controllers 

To  calculate  the  modal  induced  torque  coefficients  it  is  necessary  to  identify  the  signal  paths 
which  cause  torques  of  electromagnetic  origin  to  be  developed  on  the  rotors  of  generators, 
and  to  be  able  to  evaluate  the  associated  components  of  torque.  Consequently,  in  this  sec¬ 
tion  a  transfer  function  matrix  (TFM)  model  of  a  power  system  is  derived  which  facilitates 
the  calculation  of  the  shaft  torques  that  result  from  the  action  of  PSSs  and  FACTS  Device 
Stabilizers  (FDSs)  [1],  [2],  Moreover,  the  associated  state  equations  not  only  form  the  basis 
for  the  calculation  of  the  MITCs,  but  also  the  design  of  stabilizers  for  FACTS  devices,  the 
coordination  of  FDSs  with  the  PSSs,  the  interactions  between  stabilizers,  and  the  develop¬ 
ment  of  the  so-called  ‘stabilizer  damping  contribution  diagrams’. 


Let  the  number  of  states  be  N,  the  number  of  generators  be  n  and  the  number  of  FACTS 
devices  be  z.  The  input  vectors  A  Vr  and  A  U r  represent  voltage  reference  inputs  to  the  gen- 
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erator  AVR  and  the  FACTS  controllers,  respectively.  Similarly  the  vectors  A P e  and  AT 
represent,  respectively,  the  generator  electrical  power  outputs  and  the  local  signals  which  act 
as  inputs  to  FACTS  device  stabilizers.  The  vector  of  system  states  can  be  divided  into  three 
groups,  Aco ,  AS  and  A<7  which  represent  the  generator  speeds,  the  generator  rotor-angles 
and  the  set  of  all  other  system  states,  respectively. 


Consider  the  state-space  model: 

Ax  =  AAx  +  BAu  ,  Aj  =  CAx  +  DAu, 

where 


Ax 


=  [aco  AS  A q\  (N  x  1);  Aj  =  \APe  AtJ  (77  +z)  x  1 

T 

[AVrA £/]  (77  +  z)  x  1  ; 


All  = 


A  = 


^(oco  Ai 08  Acaq 

c oQI  0  0 

_  0  A9S  Aqq_ 


(N  x  N) ;  A  =  diag{-Kdi/M.\  (77  x  77) ; 


B  = 


0  0  B 
0  0  B 


qVr 

qUr 


N  x  (77  +  z) ; 


C  = 


0  (-PS  Cpq 

0  c,,5  cF(/_ 


(n  +  z)  x  N ; 

D  =  0  (77  +  z)  x  (77  +  z)  . 


(12.9) 

(12.10) 

(12.11) 

(12.12) 

(12.13) 

(12.14) 


Note  that  it  is  assumed  that  the  system  matrix,  D,  is  a  zero  matrix;  the  physical  interpretation 
of  which  is  that  there  is  no  instantaneous  relationship  between  system  outputs  and  system 
inputs.  This  is  a  valid  assumption  in  the  context  of  power  system  models.  Furthermore,  as¬ 
sume  that  in  the  above  state-space  model: 

(i)  there  are  no  PSSs  fitted  to  the  generators, 

(ii)  governors  and  turbines  are  not  modelled,  and 

(iii)  there  are  no  stabilizers  fitted  to  the  FACTS  devices  in  the  system. 

In  order  to  disable  the  dynamics  of  all  generator  shafts,  let  us  (i)  temporarily  remove  the  state 
equations  describing  the  shaft  dynamics  from  (12.9),  and  (ii)  treat  A8  as  an  input  vector. 
As  explained  in  Sections  5.10.2  and  5.10.3  this  is  similarly  achieved  by  eliminating  the  rows 
associated  with  Aco  in  matrices  A,  B  and  C,  and  transferring  the  columns  associated  with 
the  speed  states  in  these  matrices  to  expanded  B  and  D  matrices  to  form  a  new  set  of  state 
equations.  Therefore,  (12.9)  reduces  to 
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AV. 


Aq  =  AqqAq+  [BqVr  BqUr  Aq g]  A U, 

AS 


and 


Ay 


Aq  + 


0  0  cP5 

0  0  C\j,g 


A  Vr 
AUr 
AS 


(12.15) 


(12.16) 


Using  (12.15)  and  (12.16)  we  can  write  a  TFM  equation  which  relates  the  vector  of  system 
outputs,  Ay  in  (12.10),  to  the  vector  of  system  inputs,  ^AVr  A  U r  Asj  ,  with  shaft  dynamics 
disabled.  That  is. 


where 


r  r  1  AV 

APe(s)  =  HpVr{s)  HpUr(s)  Hp8(s) 

AT  (s)  H<¥yr(s)  HKyufs)  //Xpg(^)  ' 

[AS 

,  (12.17) 

HpvM)  =  CPq{sI-Aqq)-lBqVr-, 

(12.18) 

HPUr(S )  =  CPq^~sI~Aqq>  BqUr’ 

(12.19) 

Hp$(s)  =  CPq(sI~Aqq )  Aq8+ CP8’ 

(12.20) 

Hxpy^s)  =  CWq(sI  -Aqq)  BqVr; 

(12.21) 

H'YuM)  =  q(sI~Aqq)  B  qUr’ 

(12.22) 

HW8^  =  CWq(sI~Aqq^  Aq8  +  C'¥8' 

(12.23) 

The  above  equations  represent  the  TFMs  from  perturbations  (i)  in  generator  reference  volt¬ 
ages  A  Vr ,  (ii)  in  the  FACTS  device  reference  inputs  A  U r ,  and  (iii)  in  generator  rotor-angles 

AS  ,  to  perturbations  both  in  generator  electric  power  outputs  A P e  and  in  stabilizing  signals 
AT  of  the  local  FACTS  devices.  Details  of  the  calculation  of  the  matrices  CP8  and  Cpq 
are  supplied  in  Appendix  12—1.3. 

The  shaft  dynamics  equations,  which  were  temporarily  eliminated  from  (12.9)  in  forming 
(12.15),  can  be  expressed  as 

Affl(i)  =  J(s)[APm(s)-APe(s)], 


AS(s)  =  N(s)A(o(s),  (12.24) 
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where 

J(s)  =  diag{\/{MiS+Kdi)}  Vie  [1,  «] 
N(s)  =  diag{a>0/s }  (n  x  n) 


(12.25) 


The  generator  shaft  dynamics  represented  by  (12.25),  and  the  rest  of  the  system  dynamics 
represented  by  equations  (12.18)  to  (12.23),  are  combined  with  the  TFM  representing  the 
PSSs,  FDSs  and  governors  to  form  a  TFM  model  of  the  power  system.  This  model  is  shown 
in  Figure  12.2. 


Figure  12.2  Transfer  function  matrix  model  showing  three  paths  through  which  compo¬ 
nents  of  electrical  modal  torques  are  induced  on  the  generator  rotors. 


The  significance  of  each  TFM  block  in  the  figure  is  examined  below. 

Hpss(s)  :  is  initially  a  TFM  of  a  centralized  speed  PSS  and  is  a  full  n  x  n  matrix.  In  later  sec¬ 
tions,  because  in  practice  each  generator  is  fitted  with  a  single,  decentralized  PSS,  Hpss(s) 
becomes  a  diagonal  matrix. 
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H^ds{s) :  is  initially  a  TFM  of  a  centralized  FACTS  device  stabilizer  and  is  assumed  to  be  a 

full  z  x  z  matrix.  The  inputs  are  the  local  stabilizing  signals  given  by  the  vector  AT,  z  x  1 . 
The  outputs  of  the  centralized  FDS,  A Us,  are  inputs  to  the  summing  junctions  of  the 
FACTS  device  controllers.  Again  in  later  sections,  Hfds(s)  becomes  a  diagonal  matrix  rep¬ 
resenting  the  transfer  functions  of  decentralized  FDSs. 

HSovts)  is  a  TFM  of  the  governors;  it  is  a  n  x  1  matrix. 

Hpvr(s):  is  a  full  n  x  n  TFM  which  relates  the  perturbations  in  torque  contributions  of  elec¬ 
tromagnetic  origin  on  generators,  A Pyr{s),  n  x  1,  due  to  perturbations  in  the  reference  in¬ 
puts,  A  Vr ,  n  x  1 ,  on  the  AVRs  when  A  =  0 .  Of  particular  significance  is  that  the  diagonal 
element,  HpVr  n(s) ,  is  the  P-Vr  transfer  function  of  machine  i. 

Hpur(s):  is  a  full  nxz  TFM  which  relates  the  perturbations  in  torque  contributions  of  elec¬ 
tromagnetic  origin  on  generators,  A Pjjr  n  x  1 ,  due  to  perturbations  in  the  reference  signals 
on  the  FACTS  device  controllers,  At/,.,  z  x  1,  when  AU  =  0  . 

J(s) :  is  a  n  x  n  diagonal  TFM  which  represents  the  shaft  dynamics  of  the  units. 

N(s) :  is  a  n  x  n  TFM  of  diagonal  elements  (Oq/ s  ;  it  relates  the  perturbations  in  rotor  angle 
due  to  speed  to  perturbations  on  the  units. 

Hp5(s) :  is  a  full  nxn  TFM  which  relates  the  perturbations  in  torque  contributions  of  elec¬ 
tromagnetic  origin,  A P g,  due  to  perturbations  in  the  rotor  angles  of  machines.  It  is  through 
this  TFM  that  the  inherent  torques  are  produced. 

Vr(s)  and  :  are  full  TFMs  which  relate  the  perturbations  in  the  stabi¬ 

lizing  signals,  Ay ,  due  to  perturbations  in  the  rotor  angle  (AS),  the  machine  reference  volt¬ 
age,  (AVr  ),  and  the  FACTS  controller  reference  signals,  (At/,),  respectively,  when  AVS  and 

A  Us  =  0. 

In  Figure  12.2  three  distinct  paths  are  shown  through  which  components  of  electrical  torque 
are  induced  on  the  shafts  of  generators.  The  first  path,  #1,  is  through  the  speed-PSS  feed¬ 
back  path,  the  second,  #2,  is  through  the  FDS  feedback  path  and  the  third,  #3,  is  via  the 
rotor-angle  feedback  path.  From  Figure  12.2  it  is  revealed  that  the  torque  induced  by  the 
third  path  is  given  by 


A  Ps(s)  =  Hp5  (s)N  (s)Aco  (s) . 


(12.26) 
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Substitution  of  (12.20)  and  (12.25)  for  Hp^(s)  and  N(s ) ,  respectively,  into  (12.26)  yields 
APs(s)  =  (CPa{sI-Aa(0)~lAa5  +  Cp 6)  •  diag((o0A)  •  Aco(s) 

=  (CPa{sI-AayAa5  +  Cp5)AHs) 

The  term  CP5  is  a  matrix  of  real,  constant,  inherent  synchronising  torque  coefficients  (com¬ 
pare  this  with  the  coefficient  K j  in  the  SMIB  case  of  Figure  5.1).  The  term 

CP(c,(sI  ~  Abno)  ^cog  +  Cp 5  represents  the  inherent  feedback  paths  from  A5  through  the 
generator  electromagnetic  circuits,  the  network  and  the  AVR/ exciter  to  the  electrical  torque 
induced  on  the  rotors  of  the  generators.  Because  the  term  is  complex  at  any  frequency,  its 
real  and  imaginary  components  represent  the  inherent  damping  and  synchronising  torque 
coefficients  on  each  machine. 

Following  a  large-magnitude  disturbance,  high  gain  AVRs  tend  to  increase  synchronising 
power  flows  and  thus  enhance  first  swing  stability  [6];  however,  high-gain  AVRs  have  a  ten¬ 
dency  to  reduce  damping  torques  [7],  As  has  been  discussed  in  earlier  chapters,  the  objective 
of  PSS  and  FDS  design  in  small-signal  analysis  is  to  induce  positive  damping  torques  on  gen¬ 
erator  rotors  for  all  modal  frequencies  of  rotor  oscillation.  In  order  to  achieve  a  constant 
damping  torque  coefficient  over  the  range  of  rotor  modes  of  oscillation,  the  frequency  re¬ 
sponse  (for  s  =  ja>j)  of  the  coefficient  induced  by  the  PSSs  should  ideally  be  flat  with  neg¬ 
ligible  phase  shift  and  must  swamp  the  negative  inherent  damping  torque  coefficients  (see 
Section  10.6).  Furthermore,  the  PSS  or  FDS  should  not  significantly  reduce  the  inherent 
synchronising  torque  coefficients.  Paths  #1  and  #2  in  Figure  12.2  will  therefore  be  analysed 
in  more  detail  to  determine  quantitatively  the  modal  torque  coefficients  induced  on  each 
generator  by  the  PSSs  and  FDSs. 

12.4  Modal  torque  coefficients  induced  by  a  centralized  speed  PSS 

The  analysis  in  the  previous  section  is  formulated  on  a  centralized  stabilizers.  The  modal  in¬ 
duced  torque  coefficients  for  the  centralized  PSS  are  derived  below.  The  results  for  the  de¬ 
centralized  PSS  are  then  developed  in  Section  12.6. 

Based  on  Figure  12.2  it  is  seen  that  the  total  electrical  torques  induced  on  the  rotors  of  gen¬ 
erators  are  the  sum  of  the  torque  components  associated  with  paths  #1  to  #3  and  are  ex¬ 
pressed  by  the  vector 

APe(s)  =  APVr(s)+  APUr(s)+  AP5(s),  where  (12.28) 

A Pyr(s)  -  is  the  vector  of  contributions  to  the  electrical  torques  resulting  from  rotor  speed 
perturbations  being  fed  back  through  the  centralized  PSS,  path  #1; 

AP ur  (s)  -  is  the  vector  of  contributions  resulting  from  the  perturbations  in  the  local  stabi¬ 
lizing  signals  for  FACTS  devices  being  fed  back  through  the  centralized  FDS,  path  #2; 

A P g{s)  -  is  the  vector  of  contributions  to  the  inherent  electrical  torques,  path  #3. 
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Note  the  effects  of  speed-governors  are  ignored  here,  but  they  can  be  included  in  the  TFM 
Gm(s) ,  as  shown  in  Appendix  12—1.2,  without  affecting  the  following  analysis. 

Let  us  consider  the  contribution  made  by  the  TFM  of  the  centralized  speed-PSS  to  electrical 
torques  on  the  generators.  It  is  shown  in  Appendix  12—1.2  that  the  block  diagram  in 
Figure  12.2  can  be  reduced  to  that  illustrated  in  Figure  12.3;  the  latter  shows  only  the  loop 
associated  with  the  centralized  PSS  feedback  path.  The  rest  of  the  system  dynamics,  includ¬ 
ing  that  of  the  centralized  FDSs,  etc.,  has  been  incorporated  in  the  TFM  Gp(s). 


Figure  12.3  TFM  representation  of  a  linearized  multi-machine  system  showing  the  loop 
associated  with  PSS  feedback  paths.  All  other  dynamics  are  included  in  Gp(s). 

From  Figure  12.3,  the  vector  of  contributions  of  electrical  torque,  A Pyr,  resulting  from  gen¬ 
erator  speed  perturbations,  Aco,  fed  to  the  centralized  speed  PSS  Hpss(s)  is 

A  PVr(s)  =  HpVr(s)Hpss(s)Aw(s)  =  xp(s)A<o(s),  (12.29) 

where  xp(s)  =  HpVr{s)Hpss(s)  is  a  n  x  n  TFM  which  relates  speed  perturbations  on  any 

machine  to  the  PSS-induced  torque  perturbations  on  any  machine.  Based  on  (12.29),  the  to¬ 
tal  PSS-induced  torque  on  the  rotor  of  generator  i  due  to  the  speed  perturbations  on  all  n 
generators  is  given  by 

APVr  /(*)  =  I  APVrj/S )  =  I  {xPij(s)A(0j(s)}>  (12.30) 

7=1  7=1 

where  the  elements  of  the  speed-torque  TFM  xp(s)  are  given  by 

=  £  {HPVr  u(s)Hpss  y(5)}.  (12.31) 

/=  l 

The  jth  element  of  the  summation  in  (12.30),  A PVr  - ,  which  is  the  component  of  the  PSS- 
induced  torque  on  machine  i  due  to  speed  perturbation  on  machine  j,  is 

A  pvrJj(s)  =  TPij(s)A(Oj(s).  (12.32) 

The  above  equation  relates  to  torques  induced  on  generator  i  by  speed  perturbations  on  i 
and  all  other  machines.  However,  to  calculate  the  synchronizing  and  damping  torques  in¬ 
duced  on  generator  i  we  need  to  explicitly  determine  torques  in-quadrature  and  in-phase 
with  the  speed  perturbations  on  generator  i,  caused  by  speed  perturbations  on  all  generators. 
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Bearing  in  mind  the  comments  in  Section  12.2.1,  consider  now  a  complex  mode  of  rotor  os¬ 
cillation,  s  =  'kh  .  The  torque  A PVr  can  therefore  be  defined  in  terms  of  the  modal  in¬ 
duced  torque  coefficient  7^.  in  (12.2),  i.e. 

A Pvrjj&h)  =Tpij  Aco;  (^),  (12.33) 

where  the  MITC  is  given  in  (12.3)  by 


A  P 


Vr  ij 


ACB; 


&k) 


A  PVr 
At°/ 


%) 


pss. 


s  =  A.,, 


vJh 

vih 


(12.34) 


Substitution  in  (12.34)  of  x pjj(s)  for  A PVr  ^(s) / A(o j(s)  from  (12.32)  thus  yields 


(12-35) 

vth 

This  equation  provides  an  expression  for  calculating  the  MITC  on  machine  i  due  to  speed 
perturbations  on  machine  j,  at  the  single  modal  frequency  .  Equation  (12.35)  is  substitut¬ 
ed  into  (12.30)  to  give. 


7=1 


A PVrj(h)  =  I  I'Pijihyf  Aco-(^)  =  2  TPij  Aa>f(^) 


vih 


(  n 


V=  1 


(12.36) 


The  term  ^"=  ^  Tptj  is  the  total  MITC  on  machine  i  due  to  perturbations  in  the  speed  of  all 


n  generators  being  fed  back  through  the  PSS  TFM,  Hpss(s)  ■  The  total  MITC  on  machine  i 
is  defined  as 


P hPi  =  £  Tpy .  (12.37) 

7=1 

Using  this  definition,  (12.36)  becomes 

A  Pvrjih)  =  (12.38) 

Hence,  considering  all  n  machines  in  the  system,  (12.29)  can  be  written  TFM  form  as 

A PVr(h)  =  Tp  Aco(^)  (12.39) 

at  the  modal  frequency  ~kh ,  where  the  matrix  T  p  =  diag[Tp  .],  i  e  [1  ,n\ . 

At  this  point  it  is  important  to  reiterate  the  physical  significance  of  the  MITCs.  Because  the 
real  part  of  7^-  represents  a  damping  torque  coefficient,  the  total  damping  torque  coeffi¬ 
cient  induced  on  generator  i  by  the  action  of  all  stabilizers  is  5J(T^ ). 
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In  summary,  for  a  centralized  speed-PSS  whose  elements  H  ^(s)  are  known,  the  total 

induced  torque  coefficient  Thpj  for  generator  i  and  mode  can  be  calculated  by  succes¬ 
sively  evaluating  (12.31),  (12.35)  and  (12.37). 

12.5  Modal  torque  coefficients  induced  by  a  centralized  FDS 


Figure  12.4  TFM  representation  of  a  linearized  multi-machine  system  showing  the  loop 
associated  with  FDS  feedback  paths;  other  dynamics  are  included  in  TFMs  GF(s)  and  L(s). 

Let  us  consider  now  the  contribution  made  by  the  TFM  of  a  centralized  FDS  to  the  modal 
electrical  torque  induced  on  the  generators,  A PUr .  It  is  shown  in  Appendix  12—1.2  that  the 
transfer  function  block  diagram  in  Figure  12.2  can  be  simplified  to  that  illustrated  in 
Figure  12.4;  the  latter  shows  only  the  loops  associated  with  the  centralized  FDS  feedback 
path.  All  other  system  dynamics  and  feedback  paths,  such  as  the  PSSs,  have  been  absorbed 
into  the  TFMs  Gp(s )  and  L(s ) .  This  figure  shows  that  there  is  a  closed  path  from  Aco ,  the 
vector  of  generator  speeds,  to  A PUr,  through  the  TFM  of  the  FDSs.  Therefore,  associated 
with  speed  perturbations  there  will  be  components  of  torque  in  phase  and  quadrature  with 
speed  induced  on  the  shaft  of  each  machine  through  the  feedback  path  of  the  FDSs.  Based 
on  Figure  12.4  the  stabilizing  signals  supplied  to  the  FDSs  are  given  by  the  vector 

A'P(j)  =  L(s)A<»(s)  +  HyUr(s)[AUr(s)  +Hfds{s) A'F(s)] ,  (12.40) 

where  H^ds(s)  is  the  centralized  FDS  TFM  defined  in  Section  12.2.4.  The  components  of 
torque  induced  through  the  feedback  path  of  the  FDSs  are 

A PUr(s)  =  HPUr(s)Hfds(s)AHf(S)+HPUr(s)AUr(s) .  (12.41) 

The  vector  A  U  is  the  vector  of  reference  set  points  at  the  summing  junction  of  the  FACTS 
device  controllers  (see  Figure  12.2).  Let  us  assume  that  there  is  no  perturbation  in  these  sig¬ 
nals,  i.e.  A  Ur  =  0  .  Therefore,  (12.40)  and  (12.41)  become 

A'P(J)  =  L(s)A<o(s)+HVUr(s)Hfds(s)AW(s), 


(12.42) 
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APUr(s)  =  HpUr(s)Hfds(s)Ax¥(s) 

= 

Solving  (12.42)  for  AT(.?)  and  substituting  this  into  (12.43)  we  find 


(12.43) 


-,-1 


APUria)  -  //'w,-(v)//y,A(.v)l  X(,)lAmf0 

v  ( n  x  ri) 

=  tf(s)A(o(s) 


(12.44) 


AN  ASIDE:  As  in  the  case  of  the  centralized  speed-PSS  (12.30),  the  effective  action  of  the  trans¬ 
fer  function  matrix  of  the  centralized  FDS,  Hfcis(s)  in  Figure  12.4,  can  be  replaced  by  the  equiv¬ 
alent  n  x  n  speed-torque  TFM  xF(s)  of  (12.44). 


If  the  power  system  model  used  here  represented  a  SMIB  system,  with  a  single  FACTS  device  in 
the  system,  evaluating  XF{s)  would  be  relatively  easy;  x F(s)  would  represent  the  transfer  func¬ 
tion  between  the  generator’s  speed  and  electrical  torque,  due  to  the  action  of  the  FDS.  Therefore, 
for  this  case,  a  FDS  could  be  designed  based  on  damping  torque  concepts  as  for  PSSs.  That  is, 
based  on  (12.44),  if  the  FDS  transfer  function  were  designed  such  that 

=  HpUr{s)Hfdp)[\-H^Ur{s)Hfdp)]XL{s)  =  kfds,  (12.45) 

then  ideally  a  real  damping  torque  coefficient,  equal  to  kj-ds,  would  be  induced  on  the 
shaft  of  the  generator.  By  solving  (12.45)  for  we  find  the  FDS  transfer  function 

to  be 


HfdM) 


nfdS 


H 


(12.46) 


This  is  equivalent  to  the  design  procedure,  based  on  a  frequency  response  approach,  derived  in 

[8], 


In  the  case  a  multi-machine  system  evaluating  the  TFM  tf(s)  in  (12.44)  is  not  a  trivial  task, 
especially  since  is  not  a  diagonal  matrix  [9],  Therefore,  no  attempt  will  be  made 

here  to  evaluate  xf(s);  moreover  (12.46)  cannot  be  extended  to  the  multi-machine  case  in 
an  approach  analogous  to  that  for  PSSs  in  Section  12.4. 

In  contrast  to  the  tuning  of  PSSs,  which  is  described  in  Chapters  5  and  10  and  which  is  based 
on  frequency  response  methods,  a  different  approach  to  the  tuning  of  FDSs  in  a  multi-ma¬ 
chine  system  is  adopted  here.  First  an  expression  will  be  derived  which  relates  the  perturba¬ 
tion  in  the  electrical  torque  induced  on  the  shaft  of  generator  i  to  the  perturbations  in  the 
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signal  Ay/,..  Then,  as  in  section  Section  12.4,  an  expression  will  be  derived  for  this  compo¬ 
nent  of  torque  at  a  selected  mode  of  rotor  oscillation,  Xh . 

Based  on  (12.43),  the  torque  induced  on  generator  i  due  to  the  action  of  the  z  FDSs  is 

A- PUr  ,'(*)  =  I  APUr  ijW  =  £  ixfds  yWAv/*)},  (12.47) 

7=1  7=1 

where,  from  (12.43),  the  elements  of  the  speed-torque  TFM  x jjs{s)  are  given  by 

yds  ij=  £  {Hpur  il^Hfds  lp))-  (12.48) 

/=  l 

Let  us  consider  the  jth  element  of  the  summation  in  (12.47),  i.e. 

A Purjp)  =  yds_p)^p)  ■  (12-49) 

Equation  (12.49)  relates  to  torques  induced  on  generator  /  by  stabilizing  signal  perturbations 
on  FDS  j.  However,  to  calculate  the  synchronizing  and  damping  torques  induced  on  gener¬ 
ator  /we  need  to  explicitly  determine  torques  on  generator  /  in  quadrature  and  in-phase  with 
the  speed  perturbations  on  generator  /,  caused  by  stabilizing  signal  perturbations  on  all 
FDSs. 


At  a  selected  rotor  mode  of  oscillation,  s  =  the  torque  of  electromagnetic  origin 
A Pjjr  jj  can  also  be  defined  in  terms  of  the  MITC  ThFij  ,  as  in  (12.33), 


A Purjjih)  =  TFij 

Referring  to  (12.69)  in  Appendix  12—1.1,  the  MITC  is  given  by  (12.8)  becomes 


7  Jl  _ 

1  Fij  ~ 


A  P 


Ur  ij 


Aff>; 


00 


fds. 


s  =  L, 


A  P 


Ur  a 


fdsj 


Ay/. 


00 


s  =  A, 


Ay/,. 

Am- 


(h) 


A  P 


Ur  ij 


fdsj 


Ay/. 


(^) 


i  =  xh 


Cq*U*h 
' lih 


(12.50) 


(12.51) 


where  q  —  (/?+/)  and  Ay/,,  is  the  jtil  element  of  the  vector  AT  and  the  {n+j)^  element  of  the 
system  output  vector  AT  (see  (12.4)). 


Following  substitution  of  the  transfer  function  XfdS_ij(K)  =  APUr  lj(Xh')/AxVj(Xh')  from 

(12.49)  into  (12.51)  the  MITC  on  machine  /  associated  with  the  signal  path  through  FDS  j 
becomes 

phFij  =  ydsjjihp Cq*u*h/uih)  ■  (12-52) 

We  can  also  define  the  total  MITC  on  machine  /,  Tp ,y  ,  associated  with  signal  paths  through 
allz  FDSs,  i.e. 
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r hFi  =  Z  ThFij.  (12.53) 

7=1 

Consequendy,  at  the  single  modal  frequency  (12.49)  can  be  written  as 

APUr_i^h)  =rhFi^Xh).  (12.54) 

Once  again,  an  examination  of  (12.50)  and  (12.54)  reveals  that  the  real  parts  of  both  TFij 
and  YhFi  represent  damping  torque  coefficients  on  the  ith  generator. 

In  summary,  for  a  centralized  FDS  whose  elements  Hf^s  are  known,  the  total  MITC 

for  generator  TFj  can  be  calculated  by  successively  evaluating  (12.48),  (12.52)  and  (12.53) 
for  the  mode  . 

12.6  General  expressions  for  the  torque  coefficients  induced  by  con¬ 
ventional,  decentralized  PSSs  &  FDSs 

In  Sections  12.4  and  12.5  centralized  speed-PSSs  and  FDSs  are  assumed.  However,  for  a  de¬ 
centralized  PSS,  the  stabilizing  signal  on  machine  i  is  derived  only  from  the  speed  signal  of 
machine  i.  Consequently,  the  TFM  Hps.s(s)  is  a  diagonal  matrix,  i.e.  H  ^  =  0,  l*j ,  and 

thus  (12.31)  becomes 

n 

TPij(S )  =  Z  {HPVrJl(S)Hpss_lj(S)}  =  HPVrJj^Hpss '  (12.55) 

/=  1 

An  expression  for  the  modal  torque  coefficient  induced  on  machine  i  due  to  speed  pertur¬ 
bation,  A co .,  on  machine  j  acting  through  PSS  j  is  derived  by  substituting  (12.55)  into 

(12.35),  i.e. 

TPij  =  HPVr  ijiK)HpssJ(Xh)  Vf  ,  (12.56) 

vih 

where  H  .  is  simply  written  as  H  XX .  The  total  MITC  for  generator  i,  Thpi ,  is 
given  by  (12.37). 

Similarly,  decentralized,  practical  FDSs  are  designed  for  the  various  FACTS  devices.  That 
is,  for  each  FACTS  device  a  local  stabilizing  signal  is  selected  as  an  input  to  its  FDS  and  thus 
the  TFM  becomes  a  diagonal  matrix.  Consequendy,  (12.48)  becomes 

Xfdsjj(s )  =  Z  {HPUrJl(s}Hfds_lj(S}}=HPUr  ij(s}Hfds j/S^’  (12.57) 

/=  1 

Substituting  (12.57)  into  (12.52)  we  find  the  modal  torque  coefficient  induced  on  machine  i 
due  to  perturbations  in  the  local  stabilizing  signal  of  FDS  j  is 
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TFij  HPUr  Jj^h)Hfds '  (cq*v*h/vih)  ’ 

where  Hfds  ,(^/,)  is  the  jth  element  of  the  diagonal  TFM  H^fXf)  . 


(12.58) 


Let  us  assume  that  the  transfer  function  of  any  decentralized  stabilizer  is  kjGj(s) .  This  is  the 

transfer  function  between  the  c/h  system  output  (which  represents  a  local  stabilizing  signal) 
and  the  jth  system  input  (the  summing  junction  of  either  a  generator  or  FACTS  device). 
Based  on  (12.56)  and  (12.58),  the  following  generalised  form  which  applies  to  both  PSSs  and 
FDSs  is  proposed  for  the  MITC: 

Tij  =  H^GfXJ  ■  (cqtv,h/vih)  ■  kj  .  (12.59) 


Note  that  for  PSSs  //y(AA)  =  HpVr  ij(Xh) ;  for  FACTS  devices  H^Xfl  =  HpUr  -^{Xh) . 
The  transfer  function  is  evaluated  at  the  modal  frequency  Xh  with  all  machine  shaft 

dynamics  disabled.  To  calculate  the  TFMs  HpVr{Xf)  and  Hpjjr(Xh)  at  a  number  of  modal 
frequencies,  (12.18)  and  (12.19)  are  employed,  e.g. 

HpVr{s)  =  CPg(sI-Aqq )  lBqVr,  (12.18)  repeated. 

Following  the  calculation  of  the  eigenvalues  and  eigenvectors  of  Aqq  the  TFM  is  decom¬ 
posed  into  a  form  which  allows  it  to  be  evaluated  easily  at  the  required  modal  frequencies. 


12. 6. 0. 1  Relationship  between:  MITC  7^.  and  PSS  damping  gain  kt 

Any  appropriate  stabilizing  signal  can  be  used  for  a  PSS.  Note  that  a  speed-input  PSS  is  a 
special  case  because  the  speed  of  a  machine  is  both  a  state  and  an  output  of  the  system. 
Therefore  if  a  speed-PSS  is  installed  on  the  1 th  generator  then  the  1 th  row  of  the  output  ma- 

c/ov0  / 

trix  of  the  state  equations  (12.9)  is  cp  =  [0  0...  1  ...0  0];  hence  the  term  -  in  (12.59) 

vih 


ih 

reduces  to  —  =  1 .  Furthermore,  it  is  of  interest  to  note  from  (12.59)  that  the  MITC  in- 


vih 


duced  on  generator  i  due  to  its  own  PSS  is 


vih 


(12.60) 


since  for  a  well-tuned  PSS  Gfs)  ~  \/HpVr  u(s)  \  That  the  MITC  is  equal  to  the  nominal 

damping  gain  of  PSS  i  is  consistent  with  the  design  objectives  for  PSSs  discussed  in 
Chapter  5  and  summarized  in  Section  5.14. 


1.  As  in  Chapter  5  this  assumes  that  for  the  mode  of  interest  s  =  Xh  « yey. 
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12.6.1  The  total  modal  induced  torque  coefficients  for  systems  with  both  PSSs  and 
FDSs 

The  total  induced  torque  coefficient  on  generator  /  due  to  PSSs  and  FDSs  is  given  in  (12.37) 
and  (12.53),  respectively.  Because  in  both  these  equations  the  MITC  7^.  can  be  replaced  by 
the  generalised  expression  of  (12.59),  the  total  induced  modal  torque  coefficient  for  mode 
^/j  can  be  evaluated  from  the  contribution  of  all  n  PSSs  and  z  FDSs,  i.e. 

F  ■  =  "z  T'lj.  (12.61) 

7=1 


12.6.2  A  relationship  between  modal  induced  torque  coefficients  and  incremental 
stabilizer  gains 

Let  the  transfer  function  of  the  jth  stabilizer  (PSS  or  FDS)  be  Hstabj(s)  =  kjGj(s) ;  the 
torque  coefficient  induced  by  this  stabilizer  on  machine  /  is  then  given  by  (12.59).  For  a  se¬ 
lected  operating  condition  and  stabilizer  gain  setting  k- ,  the  calculation  of  the  eigenvalues 

Xh  and  eigenvectors  in  this  equation  is  based  on  the  model  of  the  system  dynamics  de¬ 
scribed  by  (12.9).  However,  the  relationship  between  L*  and  the  stabilizer  transfer  function 
Hstabj(s)  >  given  by  (12.59),  is  based  on  this  system  with  its  shaft  dynamics  and  rotor  angle 

feedback  paths  disabled.  Into  this  disabled  and  therefore  different  system  are  injected  the 
mode  Xh  and  right-eigenvector  components  vib  and  Vjh  selected  from  eigenanalysis  of  the 

original  system.  Therefore,  in  differentiating  (12.59)  with  respect  to  kj  neither  Xb  nor  its  ei¬ 
genvector  components  are  functions  of  k-  in  the  disabled  system.  Hence,  for  small  changes 
in  the  stabilizer  transfer  functions, 


A  4  = 


K 


dH, 


stab  _j 


(h) 


AH. 


sta 


bjh)  = 


( c  v  A 
L q*v*h 


vih 


^stabj&h)' 


(12.62) 


The  increment  A H. 


Stab  is  given  by 

t  rr  / A  \  dHstab  i&h)  . -  ,  SHstab  i&h)  A, 

AHstabj(h )  =  - gjf - AXh  + - - - Ak:. 


dk; 


(12.63) 


As  is  shown  in  [1],  the  term  — st\ h ^  ■  AX,  «  — sta^.^  h  ■  A k-  for  PSSs.  For  FDSs  the 

dXh  n  dkj  J 

stabilizer  gain  is  chosen  to  satisfy  a  gain  criterion  which  ensures  that  the  term 

SHstab  ,(h) 


dX, 


AXh  is  negligible.  Therefore  ignoring  the  latter  term,  equation  (12.63)  reduces 


to: 


A  HstabJ(.h) 


_  SHstab  ,(Xh) 


dk: 


■  A  k; 
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and,  by  substituting  it  into  (12.62),  we  find 


=  HU(K) 


Cq*V*h 


\  vih  7 


rdH. 


(h) 


stab  J\nh 

9kj 


**,)  =  W  ■  AkJ  ■  (12'64) 


This  is  a  first-order  Taylor  series  approximation,  and  is  based  on  parameter  perturbation 
analysis,  i.e.  A Thjj  and  Ak-  represent  increments  in  the  parameters  7^-  and  A:-,  respectively. 


An  array  of  incremental  MITCs,  AT11  =  [AT*],  n  x  (n  +  z)  ,is  now  defined.  Its  elements  are 
complex  numbers.  The  n  rows  of  the  array  represent  the  n  generators  on  which  the  incre¬ 
mental  MITCs  are  induced,  while  the  n  +  z  columns  represent  the  stabilizers  (the  n  PSSs  and 
z  FDSs)  on  which  the  gain  increments  are  made.  The  significance  of  the  array  can  be  ex¬ 
plained  as  follows: 


The  element,  AT*  ,  is  the  incremental  MITC  on  machine  /  due  to  the  increment  in  the 
nominal  gain  of  its  own  PSS  i,  A £(- . 


The  /*  element  of  row  i,  AT^j ,  is  the  incremental  MITC  on  machine  i  due  to  the  incre¬ 
ment  Akj  on  stabilizer  j. 

All  elements  A  T^j  for  which  j  <  n  are  due  to  PSSs  and  all  those  for  which  j  >  n  are 
due  to  the  FDSs. 


For  mode  number  h  the  summation  of  all  elements  in  row  i  of  the  array  yields  the  total  in- 
h 

cremental  MITC,  AF;.  ,  on  machine  i  due  to  the  gain  increments  on  all  PSSs  and  FDSs  in 
the  system  It  is  derived  from  (12.61),  i.e. 

h  n+z  i 

Ar'  =  £A  Tij-  (12.65) 

i  =  i 

The  practical  application  and  significance  of  the  arrays  of  incremental  and  total  MITCs, 
which  are  given  by  (12.64)  and  (12.65),  are  addressed  in  Chapter  13  and  are  illustrated  with 
several  case  studies. 
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Appendix  12—1 


App.  12—1.1  Appendix:  System  response  at  a  single  modal  frequency 

The  natural  response  of  a  linearized  system  is  given  by  the  differential  equation 
A  x(t)  =  A  Ax(  t) .  For  a  given  vector  of  initial  conditions  Ax(0)  the  solution  of  this  equation 
for  the  vector  of  states  is 

f  X,t  X2t 

Ax(t)  =  V  diagle  ,e  >  W  Ax(0),  (12.66) 


where  V ,  W  are  the  right  and  left  modal  matrices  of  A  ,  respectively.  The  condition  for 
exciting  only  one  mode,  e.g.  mode  Xh  =  ah  +  ja>h  ,  is  Ax(0)  =  ,  where  vth  is  the  hth 

column  vector  of  V ,  and  't  is  an  arbitrary  real  constant,  e.g.  unity.  When  only  mode  is 
excited,  (12.66)  reduces  to 

Ax(t)  =  • 


Then  the  ratio  of  the  q,h  and  k!h  responses  is 


Axq(t) 
A  xk(t) 


V 


vkh 


V 

vkh  ' 


Thus  in  the  case  of  the  linearized  power  system  model  (12.9),  the  speed  perturbation  of  ma¬ 
chine  i  is  related  to  the  speed  perturbation  of  machine  j,  when  only  one  mode  is  excited,  by 


Aco/W  =  vJh 

A® M  vih ' 


(12.67) 


Furthermore,  since  the  vector  of  system  outputs  is  given  by  Aj(f)  =  CAx(t) ,  then  the  ratio 
of  the  q,h  to  the  k!h  outputs  is 


A yq(Xh)  _  cqtvth 

ck*v*h  ’ 

Ay«(h)  =  Cq*v.h 

A  vih  ’ 


(12.68) 

(12.69) 


where  c  is  the  qth  row  vector  of  the  C  matrix.  Thus,  if  only  the  h th  mode,  is  excited 
by  setting  Ax(0)  =  E,  ,  at  any  instant  of  time  the  ratios  of  any  two  system  output  respons¬ 
es  is  related  by  constant  magnitude  and  phase.  By  mathematical  induction  it  may  be  shown 
that  if  Ax(0)  is  set  to  some  linear  combination  of  right-eigenvectors  then  all  of  the  corre¬ 
sponding  modes  will  be  excited. 
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App.  12-1.2  Reducing  the  TFM  model  in  Figure  12.2  to  those  in  12.3 
and  12.4 

The  multi-machine  TFM  power  system  model  in  Figure  12.2  can  be  reduced  to  that  in 
Figure  12.3  by  closing  the  mechanical  torque  loop,  i.e. 

Gm(s)  =  J(s)(I-Hgov(s)J(s)f 1  (ft  x  n), 

where  Hgov(s)  is  a  diagonal  TFM  representation  of  the  governor/ turbine  dynamics  and 
J(s )  is  the  diagonal  TFM  of  machine  shaft  dynamics  given  by  (12.25),  i.e. 

J(s)  =  diag{W(MjS  +  Kd. )}' 

N(s)  =  diag{co0/s} 

Based  on  Figure  12.2,  the  following  expressions  may  be  written  (Note:  for  convenience  the 
Laplace  operator  s  is  omitted): 


(ft  x  ft). 


AP5  -  Hp5NAco  ,  A PUf  -  HpUr[AUr  +  A U s ] ,  A Us  =  Hfds AT ,  and 

AT  =  HvsNA<o  +  HWVr[HpssA<o  +  A  Vr\  +  H^Ur[AUr  +  A Us] . 

The  expressions  for  the  TFM  Hp§,  etc.  are  given  by  (12.18)  to  (12.23).  Therefore 


^  +  APUr  =  Hp^NAa  +  HpUrA  Ur+ (I-  Hy  UrHfds) 


-1 


(12.70) 


HfdAH^N^  +  HVV,(Hpss^  +  A  Vr)  +  HWUrAUr\ 

Let  the  perturbation  in  the  reference-set-point  inputs  at  the  summing  junctions  on  genera¬ 
tors  and  FACTS  devices,  AVr  and  AU r ,  respectively,  be  zero-vectors.  Hence,  (12.70)  be¬ 
comes 

^8  +  APUr  =  [HpbN  +  Hpur{I-H^u,Mfi^Hfds[H^N  +  H^vrHpjy^^ 

=  ZAco 

Close  loops  #2  and  #3  in  Figure  12.2,  around  the  shaft  and  governor  /turbine  dynamics, 
G m(s) ,  by  letting  Gp  =  Gm(I  +  ZGm)  1 .  Figure  12.2  thus  reduces  to  Figure  12.3. 

A  similar  analysis  can  be  adopted  to  reduce  Figure  12.2  to  Figure  12.4,  i.e. 

APg  +  APyr  =  [Hp5N  + HpVrHpss]A<D 

=  ZfA& 

and  by  letting  Gp  =  Gm{I  +  ZpGm)  ,  and  L  =  N  +  HxpylMpss. 


App.  12—1.3  Elements  of  the  output  matrix,  C 
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The  following  is  an  important  aside.  In  the  above  formulation  of  the  TFM  power  system 
model,  the  matrix  partitions  g  and  A  may  appear  to  have  been  ignored,  because  nei¬ 
ther  of  the  two  matrix  partitions  appear  in  equations  (12.18)  to  (12.23).  It  is  important  to 
show  that  these  terms  are  not  ignored  because  by  doing  so  it  will  become  apparent  that  cer¬ 
tain  partitions  of  the  system  matrices  A  and  C  are  related.  These  relationships  are  then  used 
in  a  proof  in  [10].  To  show  that  they  have  not  been  ignored,  consider  the  following  argu¬ 
ment.  From  (12.20)  and  (12.21): 


H^/Mj)  Aoo 


+Aa8As+Aa9A9.  a2-71) 


Acb  =  Am*+Am6A8  +  A* ^ 


Comparing  this  with  (4.64)  on  page  115,  and  noting  that  governor/ turbines  have  not  been 
modelled  in  (12.9)  (i.e.  A Pm  =  0),  it  is  clear  that 


■diag{l/(Mi)}APa  =  AmSAS+AmqAq 


(12.72) 


where  A P  is  the  accelerating  power  acting  on  the  generator  shaft,  which  is  equal  to  the  ma¬ 
chine  electric  power  output,  A P  ,  plus  the  stator  copper  losses.  Neglecting  copper  losses 
and  since,  based  on  (12.13)  and  (12.9),  A Pe  =  Cp5 A8  +  Cp§(jAq  it  can  be  shown  that 


CP5  =  -diag{Mi}AB)8,  and 

Cpq  = 


(12.73) 

(12.74) 


the  latter  two  equations  can  be  substituted  in  (12.18)  to  (12.20)  as  required. 


Chapter  13 


Interactions  between,  and  effectiveness  of, 

PSSs  and  FDSs  in  a  multi-machine  power  system 


13.1  Introduction 

In  this  chapter  the  theoretical  basis  and  a  case  study  are  used  to  illustrate  the  concepts  of 
interactions  between,  and  effectiveness  of,  PSSs  and  FDSs  in  a  multi-machine  power  sys¬ 
tem.  The  theoretical  relationships  between  the  incremental  modal  induced  torque  coeffi¬ 
cients  (MITCs),  the  associated  mode  shifts,  and  increments  in  stabilizer  gains  are  outlined. 
The  case  study  will  illustrate  how  the  method  developed  for  estimating  rotor  mode  (eigen¬ 
value)  shifts  can  be  used  to  assess  the  relative  effectiveness  of  stabilizers  and,  thereby,  gain 
some  important  insights  which  form  a  basis  for  the  coordination  of  stabilizers  [1],  [2],  [3], 

[4]- 

Techniques  have  been  described  in  the  literature  for  determining  shifts  in  the  modes  of  rotor 
oscillation  due  to  changes  in  stabilizer  parameters  [5],  [6],  [7],  [8],  These  techniques  have 
been  used  not  only  for  determining  optimal  locations  for  PSSs  and  FACTS  devices  [6],  [7], 
[8]  but  also  for  tuning  PSS  parameters  [9],  [10]. 

In  this  chapter  the  theory  and  analysis  is  used  to: 

•  develop  a  new  method,  based  on  incremental  MITCs,  for  estimating  the  mode  or 
eigenvalue  shifts; 
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•  develop,  for  a  given  rotor  mode,  a  method  for  estimating  the  contributions  to  damp¬ 
ing  of  selected  stabilizers  for  a  selected  increment  in  stabilizer  gain,  be  they  PSSs  or 
FDSs; 

•  deduce  the  relative  effectiveness  of  selected  stabilizers  in  contributing  to  damping,  say, 
of  an  inter-area  mode; 

•  assess  the  effect  of  interactions  between  PSSs,  particularly  for  inter-area  and  local 
modes; 

•  provide  a  basis  for  the  systematic  coordination  of  both  PSSs  and  FDSs  in  multi¬ 
machine  systems  [4], 

13.2  Relationship  between  rotor  mode  shifts  and  stabilizer  gain 
increments 

Recall  from  Section  12.6  that  the  MTIC  t[j  is  the  modal  (complex)  torque  coefficient  for 
the  hth  mode,  Xh,  this  torque  coefficient  being  induced  on  the  shaft  of  the  ith  generator  by 
the  jth  stabilizer.  It  is  established  in  (12.59)  for  both  PSSs  and  FDSs  that  7-  is  dependent 
on  the  gain  setting  kj  (in  pu  on  device  base)  of  stabilizer  j.  In  Section  12.6.2  a  relationship 

is  developed  between  the  incremental  MITCs  and  increments  in  stabilizer  gains;  this  is  then 
employed  in  the  following  analysis  to  determine  the  eigenvalue  shifts  due  to  increments  in 
any  or  all  of  the  gains  of  the  n  PSSs  and  z  FDSs.  This  allows  us  to  calculate  for  generator  i 

the  change  in  T A  7^- ,  caused  by  a  change  in  stabilizer  gain  A  kj .  An  expression  will  now 

be  derived  relating  the  shift  in  the  /zf/,mode  of  rotor  oscillation,  A  A,*- ,  due  to  the  change  A  7^- . 
The  gain  increments  A k-  may  differ  in  magnitude  and  sign,  i.e.  they  may  be  positive,  nega¬ 
tive  or  zero. 

h 

The  proposed  technique  provides  a  direct  relationship  between  the  eigenvalue  shift,  A X^ , 

fa 

and  an  increment  in  gain  A k-  on  any  stabilizer,  be  it  a  PSS  or  FDS.  Note  that  AXfj  is  the 

contribution  to  the  mode  shift  by  generator  i  due  to  an  increment  in  gain  on  its  own  PSS; 
this  is,  in  essence,  the  objective  of  the  PSS  design  methods  discussed  in  Chapters  5  and  9. 
h 

The  shift  AXg  also  represents  the  contribution  to  the  shift  of  the  mode  Xh  by  generator  i 

due  to  a  gain  increment,  Ak- ,  on  some  other  stabilizer  j.  Depending  on  its  sign,  the  shift 

h  .  h 

A Xy  may  enhance  or  degrade  the  damping  of  the  mode  Xh;  the  mode  shift  A/,(/.  therefore 


1.  Such  interactions  have  been  observed  earlier  [11] 


Sec.  13.2  Relationship  between  mode  shifts  and  stabilizer  gains 
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represents  the  contribution  of  the  interaction  between  stabilizer  j  and  generator  i  to  the  shift 
in  the  hth  mode.  The  proposed  method  provides  a  basis  for  quantifying  the  effects  of  such 
interactions  for  selected  modes  of  rotor  oscillation;  this  analysis  is  discussed  in 

h 

Section  13.2.2.  Moreover,  by  appropriately  summing  the  mode  shifts,  A X^ ,  the  contribution 

made  either  by  each  generator  or  by  each  stabilizer  to  the  total  shift  in  a  rotor  mode  can  be 
calculated  for  a  set  of  stabilizer  gain  increments.  This  provides  a  basis  for  the  coordination 
of  all  stabilizer  gains,  both  PSSs  and  FDSs  [4], 


r  —  —  —  —  —  —  —  —  —  —  —  —  -| 


Ideal  PSS 

Figure  13.1  A  simple  model  of  the  generator  with  an  ideal  speed-PSS 

Consider  the  simple  generator  model  with  an  ideal  PSS  in  Figure  13.1.  The  PSS  damping 
gain  Kc/  shown  in  this  figure  is  a  real  damping  torque  coefficient  because  it  induces  on  the 

shaft  of  machine  i  a  component  of  torque,  A P  =  Kd  Aati ,  which  is  in  phase  with  the  ma¬ 
chine’s  speed  perturbation.  Using  a  first-order  Taylor  series  approximation,  the  change  in 
the  eigenvalue  for  an  incremental  change  in  the  torque  coefficient  K d ,  is 

h  d^h 

AX  =dKd'AK d’  C13-1) 

Assume  that  n  generators  and  z  FACTS  devices  are  fitted  with  stabilizers  in  a  multi-machine 
system;  consider  an  ideal  PSS  on  generator  i.  Though  the  torque  coefficient,  K..,  by  defini¬ 
tion  is  real  and  the  modal  induced  torque  coefficient  A  on  generator  i  by  stabilizer  j  is 
complex,  conceptually  they  both  have  the  similar  effect  on  machine  i.  Thus,  by  using  the 

h  n  +  z 

artifice  of  replacing  in  (13.1)  by  the  total  incremental  MITC  AF(-'  =  2  A 7*-  due  to 

j  l 

all  n  +  z  stabilizers,  the  variation  in  X^  due  to  the  increments  in  gains  of  all  stabilizer  gains 
is  given  by  the  total  differential, 
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I 

j=  1 


n  +  z  t  gx,  .  dkh 

hA  TI+...+  h 


h  AdKdx  V . 8K 


AT1!. 


dK 


dK 


d  l 


-AF'  + 


dn 

dXh  h 
+  —!L^y 


nj 


dK 


dn 


n  +  z  n  , 

Alternatively  AXh  =  22  A^ij,  where  AF.  = 

j  =  1  i  =  1  7 


dXh  , 

— -  •  AT’- 

SKdi  lJ ' 


(13.2) 


(13.3) 


If  is  an  eigenvalue  of  the  system  matrix  A,  and  if  who  and  voh  are  respectively  the  asso¬ 
ciated  left  and  right  eigenvectors,  it  is  shown  in  Section  3.11  that 


dA 

-  =  w,  - v  ,  . 

dKdi  h°dKdi 


((3.51)  repeated) 


(13.4) 


The  system  matrix^  is  given  by  (12.1 1).  Differentiation  of  (12.11)  with  respect  to  Kdj  yields 


O 

O 

-1  /Mt) 

O 

O 

and  thus  (13.4)  becomes 

dlh  =  whivih 
dKdi  M.  -  MT 

where  pjh  =  whi  vih  is  the  complex  participation  factor  of  the  ith  system  state  -  namely  the 
rotor  speed  perturbation  of  the  ilfl  generator  Ae>;.  -  in  the  rotor  mode  Xh ;  is  twice  the 
inertia  constant  ( H)  of  generator  i.  Substitution  of  (13.5)  into  (13.3)  yields  the  expression  for 
estimating  the  contribution  to  the  eigenvalue  or  mode  shift  by  generator  i  due  to  an  incre¬ 
mental  change  in  the  torque  coefficient,  AT^ ,  on  machine  i,  i.e. 

A},?,  =  -{Plh/Mt)  Aljr  (13.6) 

Recall  for  mode  ,  that  the  incremental  MITCs  for  generator  i  are  related  to  the  incremen¬ 
tal  gains  on  the  n  PSSs  and  the  z  FDSs  by 

A4  =  Hij(Xh)(cj*v*h/vih)Gj(Xh)  ■  Akj>  ((12.64)  seated)).  (13.7) 

where  j  =  n+  1,  ...,z,  the  gains  being  in  pu  on  the  base  of  the  device. 


P  ih 


dA 

BKdi 
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Finally,  by  substitution  of  (13.7)  in  (13.6),  a  general  expression  is  derived  for  the  contribu¬ 
tion  to  the  mode  shift  by  generator  i  due  to  an  increment  in  gain  on  stabilizer  j,  namely 


(13.8) 


where  stabilizer  j  may  be  a  PSS  or  a  FDS.  Note  that  for  PSSs  H^s)  =  HpVr  tj(s) , 
j  =  1 for  FACTS  device  stabilizers,  H^s)  =  HpUr  -(s),  /  =  l  +  n,  z .  The 
transfer  function  is  evaluated  at  the  modal  frequency  with  all  machine  shaft  dy¬ 

namics  disabled. 


In  addition  to  (13.8)  three  additional  expressions  will  be  employed  in  later  sections.  The  first 
is  the  contribution  to  the  mode  shift  by  all  n  generators  as  a  result  of  an  increment  in  gain 
on  any  PSS  j, 


(  n 


Ar 


stab  J 


Z  (p 

i  =  1 


-v*h/vih) 


[G(Xh)AkA 


(13.9) 


The  second  expression  is  the  contribution  by  generator  i  to  the  mode  shift  caused  by  incre¬ 
ments  in  the  gains  in  some  or  all  of  the  n  PSSs  and  z  FDSs: 

A^lgen  r  "(P ih/Mi)  ■  n£Hi/h)  (Cj.V.h/vik)[GJfrh)/Xj]  ■  (13.10) 

j  =  1 

Thirdly,  the  total  contribution  to  the  mode  shift  by  all  n  generators  as  a  result  of  increments 
in  the  gain  on  some  or  all  n+z  stabilizers  is: 

^ h  =  - "z  Z  (P Gj(Xh)Akj] .  (13.11) 

7=1  «=1 

13.2.1  Relationship  between  residues  and  MITCs  in  calculation  of  mode  shifts 

It  is  shown  in  Chapters  6  and  1 1  that,  for  mode  h  and  generator  i,  the  contribution  to  the 
mode  shift  by  generator  i  is  related  to  an  increment  in  gain  on  stabilizer  j  by: 

A  Aj  =  rlG/h)Akr  (13-12) 

h 

where  is  the  residue  of  the  transfer  function  from  the  input  to  the  summing  junction  of 
generator  i  (e.g.  Vrej- ;)  to  the  output  used  as  the  stabilizing  signal  (e.g.  speed  for  a  PSS,  bus 
frequency  for  a  FDS). 


In  comparing  (13.8),  i.e.  Alt*  =  -(pih/Mj)H..(Xh)(cjt,vih/vih)[Gj(Xh)Akj\  with  (13.12),  it 
is  observed  in  [1],  [12]  that  the  residue  is 

4=  "(P  ih/Mi)H.j{Xh){cjtvth/Vih). 


(13.13) 
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The  expression  in  (13.13)  contains  much  more  information  than  the  form  of  the  expression 
in  (13.12)  which  is  the  basis  for  the  analysis  in  Chapters  6  and  11.  The  roles  of  the  partici¬ 
pation  factor  pjh  and  the  inertia  constant  Ht  (=  Mj 2)  in  (13.6),  the  MITCs  (through  (13.7)), 
and  the  P-Vr  or  P-Ur  characteristics  in  the  residue  of  (13.13),  are  isolated.  These  compo¬ 
nents  will  help  to  explain  certain  characteristics,  including  ‘interactions’,  derived  in  this  chap¬ 
ter. 


13.2.2  Concept  of ‘interactions’ 

Based  on  (13.10)  the  concept  and  implications  of  ‘interactions’  between  stabilizers  and  of 
‘interactions’  between  generators  will  now  be  defined.  Let  us  assume  for  simplicity  that  a 
gain  increment  is  made  on  the  PSS  fitted  to  generator  i  and  then  on  other  stabilizers, 
j  =  1,  +  1,  . . .,  z  j  ^  i .  The  contribution  to  the  mode  shift  by  generator  i  is 

A^lge„J  =  "(P il/Mi) 

-(P///^)-  "l  Hij(Xh){cJ.vmh/Vih)[GJ(Xh)AkJ\  (13-14) 
j=l*i 


The  first  term  in  (13.14),  an  alternative  form  of  (13.10),  is  the  contribution  to  the  mode  shift 
by  an  increment  Ak{  in  the  gain  of  the  PSS  fitted  to  generator  i.  However,  if  both  the  stabi¬ 
lizer  gains  Akf  and  Ak.  are  increased,  it  is  apparent  from  the  second  term  in  (13.14)  that  the 
gain  increment  A kj  can  be  considered  to  modify  the  effect  of  the  gain  increment  Akt  on  the 
mode  shift.  The  net  effect  on  the  mode  shift  depends  on  the  resulting  sign  of  the  real  part 
of  second  term.  If  the  net  effect  of  the  increment  A kj  is  to  enhance  the  damping  of  the 
mode  Xh  then  there  is  a  positive  interaction  of  stabilizer  j  with  PSS  i.  It  is  important  to  note 
that  the  jth  stabilizer  can  be  either  a  PSS  or  FDS.  Clearly,  if  the  increment  Akj  degrades  the 
damping  of  the  mode  /,.  then  the  interaction  between  stabilizers  is  a  negative.  Let  us  call 
all  such  interactions  stabilizer  interactions  [3], 


It  is  also  insightful  to  consider  a  scenario  in  which  the  gain  of  the  PSS  fitted  to  the  ith  gen¬ 
erator  is  unchanged  (i.e.  Akf  =  0).  Then,  the  contribution  to  the  mode  shift  by  generator  i 
is  due  only  to  its  interactions  with  the  other  stabilizers  in  the  system,  i.e. 


n  +  z 


AX" 


1  gen  i 


■  z 


H, 


tjWcj< 


^h^ih)\-Gf(h)AkA 


(13.15) 


j  =  1  ^  i 

In  the  event  that  gain  increments  are  restricted  only  to  FDSs  the  summation  in  (13.15)  is 
restricted  to  j  =  n+1  to  n+z.  This  reveals  that  FDSs  contribute  indirectly  to  the  shift  in  mode 
h  by  their  interactions  with  the  generators. 


It  is  at  times  more  informative  to  assess  the  contributions  to  the  mode  shifts  by  the  n  gen¬ 
erators  due  a  gain  increment  on  stabilizer  i  only.  If  the  stabilizer  is  a  PSS,  these  contributions 
can  be  expressed  by  an  alternative  form  of  (13.9): 


Sec.  13.2  Relationship  between  mode  shifts  and  stabilizer  gains 


595 


A^|pssJ  =  “(P 

-  £  [Gp^AkJ  ■  C13'16) 

j  =  l*i 

The  above  equation  reveals  that  the  contribution  to  damping  of  generator  i  due  to  its  own 
PSS  (the  first  term  in  (13.16))  may  be  enhanced  or  degraded  due  to  contributions  from,  or 
interactions  with,  the  remaining  generators  (the  second  term)  through  the  network.  Let  us  call 
such  interactions  generator  interactions  [3] . 

Consider  now  the  case  in  which  a  gain  change  is  restricted  to  stabilizer  FDS  j  only.  The  re¬ 
sulting  contribution  to  the  mode  shift  by  an  increment  Ak^  in  the  gain  of  FDS  j  is  given  by 

(13. 9). This  result  reveals  that  FDS  j  acts  to  shift  mode  h  only  by  means  of  its  interactions 
through  the  network  with  each  of  the  n  generators. 

In  addition  to  the  cases  associated  with  the  three  equations,  (13.9)  to  (13.11),  a  case  of  special 
interest  is  the  contribution  by  generator  i  to  the  mode  shift  due  to  an  increment  in  the  damp¬ 
ing  gain  Akj  of  its  PSS  (assumed  ideal).  By  substitution  of  (12.64)  in  (13.6),  this  self-contri¬ 
bution  is  found  to  be: 

(13.17) 

This  result  provides  a  type  of  benchmark  for  the  contribution  of  an  ideal  PSS  to  damping. 
Typically  if  a  machine  participates  significantly  in  a  mode  (usually  a  local-area  mode),  the 
speed-state  participation  is  about  0.5  or  less.  The  mode  shift  is  then  directly  to  the  left  in  the 
r-plane  and  is  equal  to  Ak{/ (2 Ml)  or  Ak{/ (4 HI) .  (The  latter  result  is  consistent  with  that 

which  was  derived  based  on  an  analysis  of  the  block  diagram  for  a  SMIB  system  in 
Section  5.4.)  Clearly  from  (13.17),  with  low  participation  in  the  speed  state,  the  extent  of  the 
mode  shift  is  reduced.  Flowever,  a  reduced  contribution  to  the  mode  shift  may  also  be  at¬ 
tributed  in  part  to  the  effect  of  interactions  as  explained  above.  This  will  be  illustrated  in 
Section  13.3. 

Note  from  (13.17)  that  the  extent  of  the  mode  shift  for  low-inertia  generating  units  is  greater 
than  that  of  high  inertia  units  of  the  same  rating,  all  else  being  equal.  Fitting  PSSs  to  the  for¬ 
mer  units  are  likely  to  more  effective  than  to  the  latter. 

13.2.3  Relationships  between  mode  shifts,  MITCs,  participation  factors  and  stabi¬ 
lizer  gains 

h 

Eventually,  our  aims  are:  (i)  to  determine  the  mode  shift  Ak(/.  in  a  selected  mode  due  to 
gain  increments  on  a  single  or  on  a  number  of  PSSs  and/ or  FDSs,  and  (ii)  to  assess  the  rel- 


1.  This  result  is  also  employed  in  Section  5.9.3. 
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ative  effectiveness  and  contribution  of  individual  stabilizers  to  the  enhancement  or  degra¬ 
dation  of  modal  damping.  However,  let  us  firstly  review  some  of  the  background  equations. 

Consider  generator  i  and  its  PSS.  From  (13.6)  it  has  been  shown  that  incremental  mode  shift 
h 

A/,.(.  is  related  to  the  incremental  MITC  by: 

a4  =  -(p!7/M.)a4,  (13.18) 

that  is,  through  a  complex  factor  which  is  the  inertia  weighted,  speed  participation  factor, 
pih/(2Hi) .  For  mode  'kh  ,  it  has  been  shown  using  (13.7)  that  the  incremental  MITC  for 
generator  i  is  in  turn  related  to  the  incremental  gain  on  PSS  i,  i.e. 

a4  =  HPVr_ii(h )  •  Gl(Xh)Aki  or,  (13.19) 

for  a  ideally- tuned  PSS,  A T1^  =  A k{.  (13.20) 

The  three  equations,  (13.6),  (13.18)  and  (13.20)  are  of  particular  interest  in  the  following  dis¬ 
cussions. 

A  case  study  is  now  used  to  illustrate  some  of  the  physical  insights  provided  by  the  theoret¬ 
ical  analysis.  In  particular,  based  on  (13.8)  to  (13.17),  the  concept  and  effects  of  interactions 
between  stabilizers  will  be  discussed.  Furthermore,  it  will  be  demonstrated  how  the  method 
developed  above  for  estimating  eigenvalue  shifts  can  be  used  to  assess  the  relative  effective¬ 
ness  of  stabilizers  and  thereby  gain  some  important  insights  which  form  a  basis  for  the  co¬ 
ordination  of  PSSs  and  FDSs. 

13.3  Case  Study:  Contributions  to  MITCs/Mode  Shifts  by  PSSs  and 
generators 

The  purpose  of  this  study  is  to  demonstrate  the  insights  that  the  incremental  MITCs  and  the 
associated  mode  shifts  provide  in  the  dynamic  performance  of  a  multi-machine  power  sys¬ 
tem.  This  study  illustrates  a  basis  for  the  tuning  and  coordination  of  PSSs,  and  of  PSSs  and 
FDSs.  Recall  that  the  basic  approaches  to  methods  for  the  tuning  of  PSSs  has  been  dis¬ 
cussed  in  the  earlier  Chapters  5  and  9,  and  for  FDSs  in  Chapter  11. 

The  single-line  diagram  of  the  fourteen  generator  power  system  employed  in  the  case  study 
is  shown  in  Figure  10.1.  Only  Case  1,  which  is  a  heavy-load  operating  condition  -  and  which 
has  been  the  subject  of  studies  for  both  PSSs  and  FDSs  in  earlier  chapters  -  is  now  exam¬ 
ined.  Two  modes,  an  inter-area  mode  M  and  the  local-area  mode  B  will  be  the  initial  focus 
of  the  studies. 

For  illustrative  purposes  all  PSS  damping  gains  are  set  to  5  pu  on  machine  base;  the  PSS- 
related  parameters  are  listed  in  Tables  10.5  to  10.9.  The  FACTS  device  is  the  SVC,  BSVC_4, 
located  at  bus  412  in  Figure  10.1;  the  parameters  for  its  bus-frequency  FDS  are  provided  in 
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(11.12)  of  Section  11.4.1.1.  Based  on  Figure  11.7  the  gain  of  the  FDS  is  set  to  30  pu  on  de¬ 
vice  base,  a  value  at  the  lower  end  of  its  potential  gain  range.  The  characteristics  of  the  as¬ 
sociated  rotor  modes  are  given  in  Table  13.1. 


Table  13.1  Characteristics  of  the  electromechanical  modes,  Case  1; 
PSSs  and  FDS  of  BSVC_4,  in  service. 


Mode 

Mode  Behaviour 

Mode  Type 

No. 

Real 

Imag 

A 

-0.68 

10.47 

0.065 

VPS_2<— >EPS_2,  BPS_2 

Local-area 

B 

-0.40 

9.66 

0.041 

SPS_4<— >CPS_4,  GPS_4,  TPS_4 

(( 

C 

-0.42 

9.06 

0.047 

BPS_2<— >EPS_2,  VPS_2,  TPS_4 

(C 

D 

-1.00 

8.73 

0.114 

NPS_5<— >TPS_5 

(C 

E 

-0.65 

8.32 

0.078 

CPS_4,  SPS_4<— >GPS_4,  TPS_4, 

a 

F 

-0.88 

8.27 

0.105 

MPS_2,  LPS_3<— >HPS_1,  EPS_2,  VPS_2 

a 

G 

-0.84 

7.80 

0.107 

HPS_1  ,MPS_2,<— >YPS_3,  EPS_2,  VPS_2 

(C 

H 

-1.24 

8.09 

0.151 

TPS_4<— >GPS_4,  SPS_4,  EPS_2 

cc 

I 

-0.64 

7.83 

0.081 

YPS_3,  MPS_2<— >LPS_3,  EPS_2, 

cc 

J 

-0.92 

7.48 

0.123 

PPS_5<— >TPS_5,  NPS_5 

Local-area 

K 

-0.18 

3.93 

0.046 

Area  3  <— >  Area  5,  Area  2 

Inter-area 

L 

-0.14 

2.56 

0.056 

Area  5,  Area  4  <— >  Area  2 

cc 

M 

-0.42 

2.04 

0.201 

Area  5,  Area  3  <— >  Area  4 

Inter-area 

Nominal  gain  settings.  All  PSSs:  5  pu  damping  gain  on  machine  MVA  rating 
FDS  of  BSVC_4:  30  pu  on  the  device  base. 

<— >  means  ‘...  swings  against ...’.  E,  -  damping  ratio. 

In  ‘Mode  Behaviour’,  generators  or  areas  are  listed  in  descending  order  of  their  participation 
factors. 


In  order  to  assess  the  effects  of  the  incremental  changes  in  the  MITCs  and  associated  mode 
shifts  due  to  changes  in  stabilizer  gains,  let  us  increase  the  damping  gain  of  all  PSSs  by  1  pu 
(20%  of  5  pu)  and  the  gain  of  the  FDS  by  0.9  pu  (3%  of  30  pu),  such  gains  being  in  per  unit 
on  the  device  bases.  Although  the  increases  in  PSS  gains  are  1  pu,  an  examination  of 
Figure  10.26  reveals  that  the  left  shifts  in  the  associated  modes  are  close  to  being  linearly 
related  to  the  PSS  gain  increments.  Similarly,  for  the  FDS  the  left  shift  in  the  mode  is  like¬ 
wise  related  to  FDS  gain  increments  in  the  vicinity  of  the  nominal  gain  setting  of  30  pu 
(Figure  11.7).  As  foreshadowed,  with  the  PSSs  and  the  FDS  in  operation,  it  is  of  interest  to 
analyse  for  Case  1  the  MITCs  and  mode  shifts  for  the  inter-area  mode  M, 
=  -  0.42  ± y'2.04  ,  and  for  the  local  mode  B,  =  -  0.40  ±  j 9.66  ;  the  generators  in  Area 
4  participate  fairly  significantly  in  both  modes.  (It  is  shown  in  Table  10.14  that  without  a 
FDS  in  operation  on  BSVC_4  these  modes  are  respectively  =  -0.14±y'1.98  and 
hB  =  -  0.39  ± y'9.65  .) 
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Let  us  examine  the  state  participation  factors,  shown  in  Figure  13.2,  for  modes  B  and  M. 


ModeB  (  94)  -0.399  +  9.G579J 


Mode  M  (  131 )  -0.418  +  2.038GJ 
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Figure  13.2  Case  1.  Magnitudes  of  the  state  participation  factors  for  local- area  mode  B 
and  inter- area  mode  M.  The  PSSs  and  the  FDS  on  BSVC  4  are  in  service. 


For  the  local  mode  B  the  speed  and  rotor  angle  states  of  generators  in  Area  4  dominate  the 
participation  of  the  state  in  the  mode.  In  the  case  of  mode  M,  the  inter-area  mode,  a  con¬ 
troller  state  in  the  FDS  of  the  SVC  is  dominant,  followed  by  speed  and  rotor  angle  states  of 
generators  in  Areas  3,  4  and  5.  The  mode  shape  for  mode  M  is  similar  to  that  shown  in 
Figure  10.29(a)  when  the  FDS  is  out  of  service.  It  reveals  that  machines  in  Areas  5  and  3 
swing  against  those  in  Area  4.  However,  it  is  the  complex  inertia-weighted,  speed  participa¬ 
tion  factors  that  are  of  interest  in  (13.6);  these  participation  factors  are  shown  in 
Figure  13.3(a)  and  (b).  In  this  figure  it  is  noteworthy  that: 

•  because  fewer  machines  participate  in  the  local  mode,  the  magnitudes  of  the  participa¬ 
tion  factors  in  Figure  13.3(a)  are  much  greater  than  those  for  the  inter- area  mode  in 
Figure  13.3(b).  (Recall  that  the  sum  of  the  complex  participation  factors  for  mode 

is  unity.)  Larger  values  of  the  speed  participation  factors  of  local- area  modes  are  typi¬ 
cally  a  characteristic  which  differentiates  them  from  inter- area  modes. 

•  in  Figure  13.3(b)  for  the  inter-area  mode  M,  the  dominant  speed  participation  factors 
of  generators  in  Areas  3,  4  and  5  are  -  for  most  purposes  -  real  (or  nearly  real),  and 
thus  so  is  the  factor  pih/ (2 in  (13.6). 


Sec.  13.3 


Contributions  to  MITCs/Mode  Shifts  by  PSSs  and  generators 


599 


Mode  B  (  94)  -0.399  +  9.G579J 


ModeM  (  131 )  -0.410  +  2.03BBJ 


(a)  Local-area  mode  B 


jP|/2H  (percent  on  MBA5E) 

(b)  Inter-area  mode  M 


Figure  13.3  Case  1 .  Magnitude  and  angle  of  inertia-weighted,  speed  participation  factors, 
|p|/ (2 H) ,  Zp  ,  of  generators  for  local  mode  B  and  inter-area  mode  M. 

13.3.1  Contributions  to  the  MITC  of  each  generator,  local  mode  B 

Based  on  (13.7)  the  full  «x(«  +  z)  array  of  incremental  MITCs  for  the  local  mode  B 
(XB  =  -  0.40  ±  j 9.66)  is  shown  in  Table  13.2  on  page  601.  The  full  array  contains  a  number 
of  features,  (i)  For  the  increments  in  gains  of  all  PSSs  (1  pu)  and  of  the  single  FDS  (0.9  pu) 
the  array  of  incremental  torque  coefficients  have  a  direct  bearing  on  the  associated  mode  shifts 
in  Table  13.3  on  page  603.  (ii)  Interesting  aspects  of  the  MITCs  for  the  local  mode  B  will  be 
compared  with  similar  aspects  for  the  MITCs  of  the  inter-area  mode  M, 
=  -  0.42  ± y'2.04  .  Figures  13.2  and  13.3  reveal  that  the  generators  in  Area  4  participate 
fairly  significantly  in  both  modes  B  and  M. 


The  rows  of  Table  13.2,  which  are  on  the  MVA  ratings  of  the  generator  nominated  in  the 
left-hand  column,  show  the  contributions  to  the  total  incremental  MITC  of  each  generator 
resulting  from  gain  increments:  (i)  on  individual  stabilizers  (a  PSS  or  the  FDS)  or  (ii)  on  all 
PSSs  and  the  FDS  (that  is,  the  row  sum. 


(13.21) 


Alternatively,  a  column  in  the  table  reveals  the  components  of  the  complex  incremental 
MITCs  induced  on  each  generator  due  to  a  gain  increment  on  a  selected  stabilizer.  Note:  if 
the  MITCs  in  the  array  were  expressed  on  system  base  MVA  then  the  sum  of  MITCs  in  each 
column  would  yield  the  total  MITC  induced  by  an  individual  stabilizer. 
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A  diagonal  element,  which  is  the  incremental  torque  coefficient  induced  on  generator  i  by 

•1 

the  PSS  on  generator  i,  is  essentially  real  ,  i.e.  it  is  a  pure  damping  coefficient;  the  diagonal 
element  is  referred  to  as  the  ‘self  contribution.  It  is  also  observed  that  for  such  elements  the 
incremental  damping  torque  coefficients  are  -  in  most  cases  -  close  to  unity;  ideally,  this  re¬ 
sult  is  predicted  by  the  incremental  form  of  (13.20), 

AT^~Akj  =  1  pu.  (13.22) 

Strictly  speaking,  the  above  result  applies  to  the  operating  condition  for  which  the  PSS  of 
the  particular  generator  is  tuned,  usually  at  or  close  to  rated  power  output  (typically  0.7  to 
0.9  pu  on  generator  MVA  rating,  see  Chapters  5  or  10).  Assume  for  the  encompassing  range 
of  operating  conditions  the  P-Vr  Design  Case  may  lie  at  0.7  pu  on  generator  MVA  rating. 
Typically,  over  the  range  of  power  outputs  the  band  of  P-Vr  characteristics  lie  within  ±3  dB 
and  ±10°  of  the  desired  P-Vr  design  characteristic.  At  lower  levels  of  power  output,  less 
than  0.7  pu,  the  low  frequency  gain  of  the  associated  P-Vr  characteristic  is  less  than  that  of 
the  P-Vr  Design  Case.  Consequently,  in  Case  1  for  generating  stations  on  part  load,  such  as 

HPS_1,  MPS_2  and  PPS_5,  the  value  of  A Thu  in  the  table  is  less  than  1  Z0°  pu 1  2.  Converse¬ 
ly,  for  generators  operating  at  rated  power  output  such  as  LPS_3  and  NPS_5,  the  gain  of  the 
associated  P-Vr  characteristic  typically  exceeds  that  of  the  P-Vr  Design  Case.  As  a  result,  the 

value  of  A  7*-  in  the  table  for  such  machines  exceeds  1Z0°  pu. 

An  examination  of  the  Table  13.2  on  page  601  provides  an  insight,  for  example,  why  a  PSS 
is  not  contributing  to  damping  of  mode(s)  to  the  extent  expected,  or  by  what  mechanism 
are  FDSs  contributing  to  damping. 

Consider  generator  SPS_4. 

1 .  From  the  row  we  note  that  if  all  stabilizers  are  incremented  by  1  pu  the  incremental 
damping  component  of  the  total  incremental  M1TC  for  SPS_4  is  enhanced  from 
that  induced  by  its  own  PSS,  0.93,  by  0.21  to  1.14  pu.  According  to  (13.6)  the  damp¬ 
ing  of  mode  B  would  also  be  enhanced,  however,  the  extent  of  improvement  is 
determined  by  the  inertia-weighted,  speed  participation  factor  of  SPS_4. 

2.  A  gain  increment  only  on  the  PSS  of  CPS_4  (col.  9)  increases  the  damping  compo¬ 
nent  of  the  MITC  of  SPS_4  by  0.13  pu  on  the  latter’s  MVA  rating  -  for  which  there 
will  be  an  associated  improvement  in  the  damping  of  mode  B  as  implied  by  (13.6). 


1.  This  is  the  objective  of  the  PSS  design  procedures  discussed  in  Chapters  5  or  10. 

2.  See  Section  9.4.1.  It  is  shown  that  with  decreasing  real  power  output  (P)  at  constant  reac¬ 
tive  power  (Q)  the  scalar  voltage  vd0  decreases.  Correspondingly  the  low  frequency  gain 

of  the  P-Vr  characteristic  reduces.  However,  vrf0  also  decreases  at  constant  P  as  Q  be¬ 
comes  more  lagging  (see  Table  9.7).  Both  these  effects  influence  the  P-Vr  characteristics. 
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Table  13.2  Case  1,  Mode  B.  MITCs  on  each  unit  due  to  gain  increments 

on  PSSs/FDS 


D  ... 

Contributions  to  incremental  modal  induced  torque  coefficients  AT V.  of  each  generator  i  listed  in  the 

left-hand  column  due  to  an  increment  in  the  gain  of  the  stabilizers  j  listed  in  the  column  headings  (pu 

on  generator  MVA  rating) 

Local-area  mode  B,  Xg  = 

-0.40  ± y'9.66 

Gener 

ator 

HPS_ 

1  PSS 

BPS_2 

PSS 

EPS_2 

PSS 

VPS_ 

2  PSS 

MPS_ 
2  PSS 

LPS_3 

PSS 

YPS_3 

PSS 

TPS_4 

PSS 

CPS_4 

PSS 

SPS_4 

PSS 

GPS_ 
4  PSS 

NPS_ 

5  PSS 

TPS_5 

PSS 

PPS_5 

PSS 

BSVC 

4  FDS 

Row 

Sum 

Col. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

HPS_ 

0.72 

0.27 

0.01 

0.23 

0.04 

0.01 

0 

-0.44 

0.01 

-0.04 

0.04 

0 

0 

0 

0.03 

0.87 

1 

-j0.07 

j0.82 

j0.31 

j0.06 

-jO.l  8 

jO.Ol 

jo 

j0.07 

-j0.42 

j0.46 

-jO.l  8 

)0 

jo 

jo 

-j0.05 

j0.20 

BPS_ 

-0.01 

0.99 

0.04 

0.07 

0.02 

0 

0 

0.35 

0.18 

-0.17 

0.07 

0 

0 

0 

-0.01 

1.52 

2 

jO.Ol 

-j0.06 

-j0.07 

-j0.03 

-j0.02 

i« 

jo 

j0.39 

j0.36 

j0.43 

j0.19 

jo 

)0 

i« 

jo 

-j0.43 

EPS_ 

0.02 

0.23 

1.03 

0.04 

0.01 

0 

0 

-0.13 

-0.18 

0.19 

-0.07 

0 

0 

0 

0 

1.14 

2 

-j0.04 

-j0.05 

-j0.13 

j0.07 

i° 

jo 

)0 

j0.25 

-j0.19 

j0.21 

-j0.09 

jo 

jo 

i« 

-j0.02 

j0.02 

VPS_ 

-0.02 

0.02 

-0.01 

0.99 

-0.02 

0 

0 

0.19 

-0.26 

0.29 

-0.13 

0 

0 

0 

-0.02 

1.03 

2 

-j0.02 

-j0.71 

j0.33 

-j0.03 

j0.02 

i« 

jo 

j0.29 

j0.10 

-j0.08 

j0.02 

jo 

)0 

io 

jO.Ol 

-j0.08 

MPS_ 

0.14 

1.36 

-0.17 

-0.17 

0.87 

0 

0 

-0.44 

-0.86 

0.91 

-0.38 

0 

0 

0 

-0.03 

1.22 

2 

-j0.18 

-jl.75 

j0.35 

j0.ll 

-j0.03 

i« 

)0 

jl.27 

-j0.62 

j0.78 

-j0.36 

)0 

jo 

io 

-j0.03 

-j0.46 

LPS_ 

-1.28 

-1.90 

0.58 

-0.05 

0.35 

1.04 

-0.04 

0.40 

0.81 

-0.85 

0.32 

0 

0 

0 

0.06 

-0.56 

3 

j0.45 

j0.29 

j0.02 

j0.24 

j0.09 

-j0.06 

j0.03 

-jl.03 

j0.53 

-j0.65 

j0.31 

JO 

jo 

i« 

j0.08 

j0.30 

YPS_ 

0.56 

-2.41 

1.21 

0.30 

0.74 

-0.50 

1.03 

-0.93 

1.19 

-1.34 

0.56 

0 

0 

0 

0.21 

0.61 

3 

-j0.16 

j2.08 

j0.45 

jl  .05 

-j0.14 

j0.90 

-j0.26 

-jl.07 

-j0.72 

j0.71 

-j0.21 

)0 

jo 

jo 

-jO.Ol 

jl  .74 

TPS_ 

0 

0.01 

0 

0 

0 

0 

0 

1.03 

-0.06 

0.08 

-0.03 

0 

0 

0 

0.17 

1.18 

4 

|0 

jo 

jo 

jo 

jo 

)0 

jo 

j0.05 

-j0.59 

j0.65 

-j0.21 

)0 

io 

)0 

-j0.06 

-j0.16 

CPS_ 

0 

0 

0 

0 

0 

0 

0 

0.02 

0.99 

0.15 

0 

0 

0 

0 

ii 

1.16 

4 

)0 

jo 

io 

jo 

)0 

)0 

jo 

-j0.03 

-j0.04 

-j0.08 

jO.Ol 

)0 

io 

)0 

-jO.Ol 

-jO.l  5 

SPS_ 

0 

0 

0 

0 

0 

0 

0 

-0.01 

0.13 

0.93 

0.08 

0 

0 

0 

II 

1.14 

4 

)0 

jo 

io 

jo 

)0 

jo 

io 

)0 

-j0.04 

-j0.03 

-j0.04 

io 

i° 

)0 

o 

-jO.10 

GPS_ 

0 

0 

0 

0 

0 

0 

0 

0.09 

-0.31 

0.86 

0.89 

0 

0 

0 

0 

1.54 

4 

i0 

jo 

io 

jo 

)0 

)0 

io 

-jO.Ol 

j0.20 

-j0.71 

j0.05 

jo 

jo 

i« 

-j0.02 

-j0.49 

NPS_ 

0.92 

-3.20 

1.64 

0.33 

0.92 

-1.10 

-0.16 

-0.47 

0.75 

-0.82 

0.33 

1.08 

-0.18 

-0.02 

0.21 

0.21 

5 

-j2.33 

jl  .03 

-j0.il 

jl.51 

j0.10 

jl  .02 

-j0.03 

-j0.59 

-j0.49 

j0.50 

-j0.12 

-j0.19 

jO.l  5 

j0.04 

j0 

j0.50 

TPS_ 

1.18 

-4.38 

2.37 

0.74 

1.35 

-1.41 

-0.23 

-0.95 

1.03 

-1.14 

0.48 

-0.19 

1.06 

-0.04 

0.31 

0.18 

5 

-j3.46 

j2.21 

-j0.48 

j2.18 

-j0.04 

jl  .66 

-jO.Ol 

-j0.77 

-j0.99 

jl  .02 

-j0.30 

j0.14 

-j0.15 

j0.04 

-j0.04 

jl  .02 

PPS_ 

10.22 

-18.00 

9.02 

-0.38 

4.76 

-7.66 

-0.81 

-2.29 

4.24 

-4.63 

1.76 

-1.16 

-1.81 

0.87 

1.12 

-4.73 

5 

j!2.35 

j0.88 

jl  .81 

j8.97 

jl  .84 

j3.80 

-j0.42 

-j3.09 

-j2.30 

j2.36 

-j0.56 

j0.51 

j0.52 

j0.05 

j0.24 

j2.27 

Col.  16,  the  Row  Sum,  is  given  by  (13.21).  All  PSS  damping  gains=5  pu,  increment  1  pu  on  machine  ratings. 
Gain  of  FDS=30  pu,  increment  0.9  pu  on  SVC  base. 

The  incremental  MITC  induced  by  a  generator’s  PSS  is  shaded  in  yellow. 


Consider  now  generators  PPS_5  and  LPS_3. 
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3.  An  increment  in  the  PSS  gain  on  BPS_2  (col.  2)  or  LPS_3  (col.  6)  significantly 
degrades  the  incremental  MITCs  on  PPS_5,  while  increments  in  the  gain  of  other 
PSSs  enhance  or  degrade  the  incremental  MITCs  relatively  less.  The  net  effect  is  a 
significant  degradation  in  the  damping  component  of  MITC  of  PPS_5  (in  col.  16). 
However,  a  reference  to  Figure  13.3  on  page  599  reveals  that  the  inertia-weighted, 
speed  participation  factor  of  PPS_5  for  mode  B  is  exceedingly  small  so  that  the 
effects  of  any  stabilizer,  including  its  own,  on  the  associated  mode  shifts  is  negligible. 

A  similar  comment  applies  to  an  increment  in  PSS  gain  on  generator  LPS_3. 

Consider  SVC  BSVC_4. 

4.  For  an  increment  in  the  gain  of  the  FDS  on  BSVC_4  the  induced  damping  coeffi¬ 
cients  are  small  or  negligible  on  those  generators  in  Area  4  which  have  significant 
inertia-weighted,  speed  participation  factors.  Therefore  their  contribution  to  damp¬ 
ing  of  mode  B  by  the  FDS  will  be  small;  for  other  generators  -  for  which  the  latter 
participation  factor  is  negligible  -  the  contribution  will  also  be  negligible. 

13.3.2  Contributions  of  the  mode  shifts  of  each  generator  to  mode  B  damping 

Let  us  now  consider  the  full  array  of  mode  shift  contributions  for  the  local  mode  B, 
Lg  =  -  0.40  ±  j 9.66,  and  compare  its  features  with  those  highlighted  for  its  associated  array 
of  MITCs.  The  mode  shift  array  is  shown  in  Table  13.3  on  page  603. 

Further  to  the  observations  made  for  the  MITCs  of  mode  B,  the  following  comments  are 
offered  on  the  associated  mode  shifts. 

5.  The  contribution  to  the  incremental  mode  shift  of  generator  /  is  related  to  the  MITC 

generated  by  its  own  PSS  by  (13.6),  A  A*  =  -(p  AT^- .  Bearing  that  in  mind, 

the  earlier  observations  on  the  MITCs  (numbered  1  to  4  concerning  the  implications 
for  the  associated  mode  shifts)  are  confirmed  by  an  examination  of  Table  13.3. 

6.  Ideally,  the  diagonal  elements  of  the  MITC  array  are  AT^.  =  1  pu.  According  to 

(13.6)  above,  the  incremental  mode  shift  for  the  mode  is  ideally  the  value  for  genera¬ 
tor  /given  by  the  inertia-weighted,  speed  participation  factor  of  Figure  13.3.  Accord- 
ingly,  this  mode  shift  for  unity  MITC  for  generator  SPS_4  is  ideally 

-p/(2 H)  =  — 59.57Z— 1.69°  units  (1  unit  =  1  x  10  3).  As  shown  in  Table  13.2  on 

page  601  the  value  of  the  incremental  MITC  is  actually  A  7^-  =  0.9328  — y’0.0293  thus 

the  mode  shift  according  to  (13.6)  is  AL^.  =  -  55.49  +  y'3.38  or  -55.59Z-3.490  units; 

the  value  in  Table  13.3  is  A  A*  =  -55.5+y'3.40. 
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Table  13.3  Case  1.  Mode  B:  Mode  Shifts  on  each  unit  due  to  gain  increments 

on  PSSs  &  FDS. 


Contributions  to  Mode  Shift  A  A ^ 

by  each  generator  (row)  and  by  each  PSS  or  FDS  (col.)  (x  10 

-3) 

Local-area  mode  XB  = 

-  0.40  ± j'9.66 

Gener 

ator 

HPS_ 

1  PSS 

BPS_ 

2  PSS 

EPS_ 
2  PSS 

VPS_ 
2  PSS 

MPS2 

PSS 

LPS_ 

3  PSS 

YPS_ 

3  PSS 

TPS_ 
4  PSS 

CPS_ 
4  PSS 

SPS_4 

PSS 

GPS_ 
4  PSS 

NPS_ 
5  PSS 

TPS_ 

5  PSS 

PPS_ 

5  PSS 

Sum 

PSSs 

SVC4 

FDS 

Row 

Sum 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

HPS_ 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

)0 

]0 

)0 

jo 

io 

)0 

jo 

)0 

jo 

)0 

)0 

io 

)0 

jo 

)0 

jo 

jo 

BPS_ 

0 

0.01 

0 

0 

0 

0 

0 

0 

0.01 

-0.01 

0 

0 

0 

0 

0 

0 

0 

2 

|0 

-j0.02 

)0 

jo 

jo 

|0 

jo 

-jO.Ol 

i0 

jo 

io 

)0 

)0 

jo 

-j0.03 

jo 

-j0.03 

EPS_ 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

n 

2 

io 

jo 

-jO.Ol 

jo 

jo 

io 

io 

jo 

jo 

)0 

jo 

jo 

io 

jo 

-jO.Ol 

jo 

-jO.Ol 

VPS_ 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1) 

2 

io 

jo 

jo 

jo 

)0 

|0 

io 

jo 

jo 

jo 

)0 

jo 

io 

jo 

jo 

jo 

10 

MPS 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2 

jo 

)0 

jo 

JO 

)0 

)0 

jo 

jo 

jo 

jo 

)0 

jo 

jo 

jo 

jo 

jo 

jo 

LPS_ 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

(1 

3 

jo 

jo 

)0 

jo 

jo 

jo 

jo 

jo 

JO 

)0 

)0 

)0 

)0 

)0 

)0 

io 

10 

YPS_ 

0 

0 

0 
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All  PSS  damping  gains=5  pu,  increment  1  pu  on  machine  MVA  rating. 

Gain  of  FDS=30  pu,  increment  0.9  pu  on  device  base. 

The  incremental  mode  shift  induced  by  the  generator’s  own  PSS  is  shaded  in  yellow. 

The  box  highlights  the  PSSs  and  generators  which  are  the  main  contributors  to  the  damping  of  mode  B. 
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7.  From  the  columns  in  Table  13.3  we  can  assess  the  contribution  to  the  shift  of  mode 
B  due  to  a  gain  increment  on  any  PSS  or  the  FDS,  or  a  selected  group  of  stabilizers. 
For  instance,  a  1  pu  increment  in  the  gain  of  the  SPS_4  PSS  only  (col.  1 0)  causes  a 
real  mode  shift  of  -55.5  units  to  be  induced  on  SPS_4.  However,  due  to  an  ‘interac¬ 
tion’  between  the  PSS  of  SPS_4  and  the  other  PSSs  in  Area  4,  a  real  mode  shift  con¬ 
tribution  is  also  induced  on  each  of  the  other  generators,  i.e.  -5.2,  -3.3  and  0.15  units 
on  GPS_4,  CPS_4  and  TPS_4,  respectively.  Therefore,  due  to  the  increment  in  the 
SPS_4  PSS  gain,  the  units  in  Area  4  contribute  a  real  mode  shift  of  -64  units. 

8.  The  total  mode  shift  comprising  the  sum  of  the  real  components  of  all  the  diagonal 
(self)  terms  in  the  table  is  -82.6  units.  Including  the  mode  shifts  induced  by  all  PSS 
interactions,  the  real  part  of  total  mode  shift  due  to  PSSs  is  -102  units  (col.  15). 
Interactions  have  thus  enhanced  the  damping  of  the  local  mode  B. 

9.  From  the  inertia-weighted,  speed  participation  factors  of  Figure  13.3  it  is  observed 
that  the  generators  SPS_4,  CPS_4  and  GPS_4,  in  that  order,  are  the  dominant  par¬ 
ticipants  in  mode  B;  all  other  generators  participate  in  small  (e.g.  TPS_4)  or  negligi¬ 
ble  amounts.  It  is  therefore  not  surprising  that,  for  a  1  pu  increment  in  all  PSS  gains, 
the  three  dominant  participants  contribute  a  real  component  of  -101  units  out  of  a 
total  real  contribution  of  -102  units  (col.  15)  to  the  enhancement  of  the  damping  of 
mode  B. 

1 0.  In  assessing  the  effectiveness  of  PSSs  on  the  damping  of  mode  B  note  that,  accord¬ 
ing  to  the  ‘column  sum’,  a  1  pu  increment  in  the  gain  of  the  PSS  on  SPS_4  is  about 
2.5  times  and  6  times  more  effective  than  a  similar  change  on  the  PSSs  of  CPS_4  and 
GPS_4,  respectively. 

13.3.3  Contributions  to  the  MITCs  of  each  generator,  inter-area  mode  M 

Let  us  now  assess  the  full  array  of  the  contributions  to  the  M1TC  of  each  generator  for  the 
inter-area  mode  M,  =  -  0.42  ± y'2.04  .  The  array  for  1  pu  and  0.9  pu  gain  increments  on 
the  PSSs  and  the  FDS,  respectively,  is  shown  in  Table  13.4  on  page  605. 

From  Table  13.3  on  page  599  for  the  inertia-weighted,  speed  participation  factors  it  is  noted 
that  generators  in  Areas  4,  5  and  3  are  the  dominant  participants  in  the  inter-area  mode  M. 
Let  us  examine  the  MITCs  for  units  within  the  latter  Areas,  initially  ignoring  the  contribu¬ 
tions  from  the  FDS,  and  remembering  that  for  each  row  the  MVA  rating  is  the  base  quantity 
of  the  associated  generator. 
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Table  13.4  Case  1,  Mode  M.  MITCs  on  each  unit  due  to  gain  increments 

on  PSSs/FDS 


Contributions  to  incremental  modal  induced  torque  coefficients  A  T^j  of  each  generator  i  due  to  an 

increment  in  the  gain  of  the  stabilizers  listed  in  the  column  headings  listed  in  the  left-hand  column  (pu 

on  generator  MVA  rating) 
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All  PSS  damping  gains =5  pu,  increment  1  pu  on  machine  MVA  rating. 
Gain  of  FDS=30  pu,  increment  0.9  pu  on  device  base. 

The  incremental  MITC  induced  by  the  generator’s  PSS  is  shaded  in  yellow. 


11.  In  the  case  of  mode  M,  let  us  assume  that  only  the  PSSs  gains  on  each  machine  in 
Area  4  are  raised  1  pu  on  generator  MVA  rating;  the  remaining  PSS  gains  remain 
unchanged.  The  off-diagonal  terms  for  Area  4  generation  in  the  box  in  Table  13.4 
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are  negligible  or  negative  -  and  therefore  the  associated  interactions  between  the 
Area  4  units  are  destabilizing.  As  is  evident  in  col.  16,  the  net  effect  for  each  Area  4 
generator  is  that  the  resulting  real  contribution  to  the  MITC  of  each  is  less  than  that 
contributed  by  its  own  PSS.  In  the  case  of  local  mode  B  on  the  other  hand,  and  with 
the  exception  for  units  in  Area  5,  it  was  found  that  the  off-diagonal  terms  tend  to 
enhance  the  contribution  to  the  damping  (see  Table  13.2  on  page  601.) 

The  same  comments  apply  to  generators  in  Areas  3  and  5  when  only  the  PSS  gains 
in  the  same  Area  are  incremented. 

An  increment  in  gain  on  the  FDS  mainly  increases  the  MITCs  on  Area  4  generators 
and  consequently  improves  the  damping  of  mode  M. 

The  relative  MITCs  of  both  the  local- area  mode  B  and  the  inter-area  mode  M  are 
demonstrated  in  the  bar  chart  shown  in  Figure  13.4  on  page  607.  Note  (i)  the  charts 

n  +  z 

reflects  the  ‘Row  Sum’,  AF1'  =  Z  AT*.  ,  in  column  16  for  each  generator  in  Tables 

j=  l 

13.2  and  13.4;  (ii)  the  Row  Sum  includes  the  FDS  contribution;  (iii)  due  to  interac- 
h 

tions  the  value  of  AF;-  hovers  about  1  pu  for  mode  B,  but  is  significantly  less  for 
than  1  pu  for  mode  M. 

13.3.4  Contributions  of  the  mode  shifts  of  each  generator  to  the  Mode  M  damping 

As  was  examined  for  mode  B  in  Section  13.3.2,  let  us  now  consider  the  full  array  of  mode 
shift  contributions  for  the  inter-area  mode  M  bearing  in  mind  that  mode  shifts  are  directly 
related  to  the  MITCs  through  (13.6).  The  components  of  contributions  to  the  mode  shifts 
are  listed  in  Table  13.5  on  page  608.  From  the  latter  table  the  following  are  noted. 

15.  If,  for  exploratory  purposes,  it  is  desirable  to  increase  the  gains  on  all  PSSs  by  1  pu 
and  the  FDS  gain  by  0.9  pu,  the  total  shift  in  the  real  part  of  mode  M  is  found  from 

-3 

the  table  to  be  -40.8  units  (col.  17),  where  1  unit  =  10  A  Under  the  same  conditions, 
the  total  shift  in  the  real  part  of  mode  B  is  -102  units,  a  factor  of  2.5  times  that  of 
mode  M.  This  result  emphasizes  the  relatively  poorer  damping  characteristics  of  the 
inter-area  mode  compared  to  the  local  mode  for  the  same  increments  in  stabilizer 
gains. 

16.  Gain  increments  of  1  pu  on  the  PSSs  of  generators  in  Area  2  provide  a  relatively 
small  net  improvement  in  damping  of  mode  M  (see  cols.  2  to  5,  15). 

1 7.  If  damping  of  Mode  M  is  to  be  improved  by  increasing  the  gains  on  PSSs  by  varying 
amounts,  the  PSSs  which  ought  to  be  selected  are  revealed  by  an  examination  of  the 
columns  of  Table  13.5.  It  is  evident  that  1  pu  increment  in  the  gain  of  the  LPS_3 
PSS  followed  by  GPS_4,  SPS_4  and  TPS_4  PSSs  provide  a  net  greater  boost  to  the 
damping  of  mode  M  (-8.4,  -6.5,  -4.1  and  -4.0  units,  respectively)  (see  the  ‘Col.  Sum’). 
In  comparison,  for  the  local  mode  B,  the  same  increment  in  gain  only  on  the  SPS_4, 
CPS_4,  and  GPS_4  PSSs  boosts  the  damping  of  mode  B  (-63.9,  -26.5  and  -10.1 


12. 

13. 

14. 
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units,  respectively).  To  boost  the  damping  of  mode  M,  it  may  be  desirable  to  coordi¬ 
nate  the  increase  the  gain,  say,  of  LPS_3  by  3  pu,  GPS_4  by  3pu  and  SPS_4  by  2  pu. 


HPS_1 
BPS_2 
EPS_2 
VPS_2 
MPS_2 
_  LPS_3 
<3  YPS_3 

CD 

S  TPS_4 
C5 

CPS_4 

SPS_4 

GPS_4 

NPS_5 

TPS_5 

PPS_5 


-10  12 
Real  part  of  MITC 


- '~l 


EE 


See 

Note 


HPS_1 

BPS_2 

EPS_2 

VPS_2 

MPS_2 

LPS_3 

YPS_3 

TPS_4 

CPS_4 

SPS_4 

GPS_4 

NPS_5 

TPS_5 

PPS_5 


-10  12 
Imag.  part  of  MITC 


Mode  B 


]  Mode  M 


h 

Figure  13.4  Total  incremental  MITCs,  ATT  ;  on  generators  produced  by  increments  of  1 
pu  on  all  PSSs  and  0.9  pu  on  the  FDS  from  gain  settings  of  5  pu  on  PSSs  and  30  pu  on  the 
FDS,  inter-area  &  local  modes  M  &  B.  Note:  20%  of  MITC  for  PPS_5  for  mode  B  is  shown 
(actual  is  -4.73+j2.27  pu  on  machine  MVA  rating). 


18.  The  FDS  provides  a  relatively  significant  boost  to  the  total  incremental  damping  of 
mode  M.  In  Table  13.5  the  PSSs  gain  increments  contribute  shifts  of  -30.7  units  and 
the  single  FDS  -10.1  units,  i.e  about  25%  of  the  total  mode  shift  of  -40.8  units. 

19.  In  Section  13.3.1  it  was  noted  that  with  the  FDS  on  BSVC_4  out  of  and  in  operation 
(gain:  0  and  30  pu)  the  real  part  of  mode  M  was  enhanced  from  -0.14  to  -0.42  Np/s, 
a  change  of  -274  units.  In  Table  13.5,  for  gain  increment  of  1  pu  on  the  FDS,  the 
total  boost  of  the  damping  of  mode  M  is  -10.1  units.  Decreasing  its  gain  by  30  pu  to 
zero  yields  an  estimate  of  the  change  in  the  real  part  of  mode  M  of 
-30  x  (-10.1)  =  303  units.  For  exploratory  purposes,  the  magnitude  of  these 
changes  are  close  enough  to  suggest  that  the  relationship  between  gain  increments 
in  the  FDS  and  shifts  in  mode  M  is  reasonable  linear  in  the  vicinity  of  30  pu.  More¬ 
over,  if  the  effect  of  an  increase  in  the  FDS  gain  on  the  damping  of  mode  M  is  being 
investigated,  with  some  confidence  it  can  be  assumed  that  the  boost  in  the  real  part 
of  mode  M,  say  a  10  pu  gain  change,  is  likely  to  be  from  -0.42  to  about  -0.52  Np/ s. 
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Table  13.5  Casel,  Mode  M.  Mode  Shift  contributions  for  gain  increments  on 

PSSs/FDS 


M 

Contributions  to  Mode  Shift  AX . .  by  each  generator  (row)  and  by  each  PSS 

U 

or  FDS  (col.)  (x  10‘3) 

Inter-area  mode  M, 

=  -  0.42  ± 7'2.04 

Gener 

ator 

HPS_ 

1  PSS 

BPS_ 

2  PSS 

EPS_ 
2  PSS 

VPS_ 
2  PSS 

MPS2 

PSS 

LPS_ 

3  PSS 

YPS_ 

3  PSS 

TPS_ 
4  PSS 

CPS_ 
4  PSS 

SPS_4 

PSS 

GPS_ 
4  PSS 

NPS_ 
5  PSS 

TPS_ 

5  PSS 

PPS_ 

5  PSS 

Sum 

PSSs 

SVC4 

FDS 

Row 

Sum 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

HPS 

-0.52 

0.02 

0.01 

0 

0.06 

0.26 

0.01 

-0.01 

0 

0 

0 

0 

0 

0 

-0.17 

0 

-0.18 

JL 

j0.46 

-j0.03 

-j0.02 

jO.Ol 

-j0.06 

-j0.19 

-jO.Ol 

jO.Ol 

10 

jO 

)0 

10 

jO 

10 

j0.19 

-jO.Ol 

jO.l  7 

BPS_ 

-0.07 

-0.11 

-0.03 

0.03 

0.08 

-0.04 

-0.01 

-0.10 

-0.01 

-0.01 

-0.02 

0 

0 

0 

-0.28 

-0.04 

-0.33 

2 

j0.20 

j0.90 

-j0.20 

j0.ll 

-j0.30 

jO.Ol 

10 

j0.07 

jO.Ol 

jO.Ol 

jO 

jO 

10 

10 

j0.60 

-j0.04 

j0.55 

EPS 

-0.23 

-0.05 

-0.14 

-0.19 

-0.11 

-0.09 

-0.01 

-0.04 

-0.01 

-0.01 

-0.01 

0 

0 

0 

-0.89 

0.01 

-0.90 

_2 

j0.12 

-j0.21 

jl  .02 

-j0.12 

-j0.09 

-j0.09 

-jO.Ol 

j0.03 

jO.Ol 

10 

10 

jO 

jO 

)0 

j0.65 

-j0.05 

j0.60 

VPS 

-0.13 

0.06 

0.01 

-0.13 

0.04 

-0.06 

-0.01 

-0.04 

-0.01 

-0.01 

-0.01 

0 

0 

0 

-0.26 

-0.02 

-0.28 

_2 

j0.18 

-j0.19 

-j0.18 

j0.62 

-jO.Ol 

10 

jo 

j0.03 

jO.Ol 

10 

10 

10 

jO 

)0 

j0.45 

-j0.05 

j0.40 

MPS 

-0.15 

0.08 

0.01 

0.03 

-0.61 

0.08 

0 

-0.04 

-0.01 

-0.01 

-0.01 

0 

0 

0 

-0.62 

-0.02 

-0.64 

_2 

j0.04 

-j0.29 

-j0.il 

j0.02 

11.2 

-j0.12 

-jO.Ol 

j0.03 

jO.Ol 

10 

10 

jO 

10 

10 

j0.70 

-j0.04 

j0.66 

LPS_ 

0.05 

0.02 

0.02 

0.01 

0.08 

-11.0 

1.20 

-0.01 

0 

0 

0 

0.11 

0.23 

0.11 

-9.12 

-0.01 

-9.13 

3 

-j0.18 

-j0.03 

-j0.02 

jO.Ol 

-j0.06 

jl.37 

-j0.82 

jO.Ol 

10 

10 

10 

jO.Ol 

-j0.03 

jO.Ol 

j0.28 

-j0.02 

j0.26 

YPS 

-0.12 

0.01 

0 

0 

0.01 

1.05 

-2.27 

0 

0 

0 

0 

0.01 

0.02 

0.01 

-1.27 

0 

-1.27 

_3 

-j0.03 

-jO.Ol 

10 

)0 

-jO.Ol 

-j  1 .24 

jl  .50 

10 

10 

10 

10 

-jO.Ol 

-j0.02 

-jO.Ol 

jO.l  8 

jO 

jO.l  8 

TPS_ 

0.09 

-0.10 

0.01 

0.03 

0.03 

0.04 

0 

-5.54 

1.11 

0.84 

0.99 

0 

0 

0 

-2.50 

-4.73 

-7.23 

4 

-j0.05 

j0.10 

-j0.02 

-j0.04 

-j0.04 

jO.Ol 

10 

-j0.92 

j0.14 

j0.28 

j0.29 

10 

10 

jO 

-j0.23 

-j0.44 

-j0.68 

CPS 

0.02 

-0.02 

0 

0 

0 

0.01 

0 

1.15 

-6.68 

2.50 

1.74 

0 

0 

0 

-1.28 

-0.90 

-2.18 

_4 

-j0.02 

j0.03 

10 

-jO.Ol 

-jO.Ol 

10 

jO 

-j0.97 

-j2.48 

-j0.29 

-j0.80 

10 

10 

jO 

-j4.55 

j0.37 

-j4.19 

SPS_ 

0 

0 

0 

0 

0 

0 

0 

0.22 

2.04 

-12.8 

3.41 

0 

0 

0 

-7.59 

-2.26 

-9.85 

4 

jo 

jo 

jo 

jo 

)0 

10 

10 

j0.04 

j0.53 

-j4.04 

j0.87 

10 

jO 

jO 

-j2.61 

j0.95 

-  j  1 .65 

GPS 

0.02 

-0.02 

0 

0.01 

0.01 

0.01 

0 

0.85 

1.93 

5.46 

-12.5 

0 

0 

0 

-4.29 

-6.44 

_4 

jo 

jO.Ol 

10 

-jO.Ol 

-jO.Ol 

jo 

10 

j0.24 

j0.56 

jl  .62 

-j3.61 

10 

jO 

10 

-jl.19 

jl.18 

jO.Ol 

NPS 

0 

0 

0 

0 

0 

0.32 

0.03 

0 

0 

0 

0 

-3.09 

2.87 

1.30 

1.42 

0 

1.42 

_5 

jO.Ol 

10 

)0 

jo 

jo 

10 

10 

10 

jO 

jO 

10 

-j2.35 

jl  .31 

jl  .02 

jO 

jO 

-)0 

TPS_ 

-0.01 

0 

0 

0 

0 

0.58 

0.05 

0 

0 

0 

0 

1.09 

-6.79 

1.20 

-3.87 

0 

-3.87 

5 

j0.02 

10 

)0 

jo 

)0 

j0.06 

jO.Ol 

10 

10 

10 

jO 

j0.43 

-j4.17 

j0.51 

-j3.14 

jO 

-j3.14 

PPS_ 

0 

0 

0 

0 

0 

0.37 

0.03 

0 

0 

0 

0 

0.89 

2.30 

-3.54 

0.01 

0 

0.06 

5 

jO.Ol 

)0 

10 

10 

10 

j0.13 

j0.02 

10 

10 

10 

10 

j0.78 

jl  .47 

-j2.53 

,0.12 

jO 

-j0.il 

Col. 

-1.03 

-0.10 

-0.10 

-0.18 

-0.40 

-8.42 

-0.95 

-4.01 

-1.65 

-4.09 

-6.46 

-0.99 

-1.37 

-0.91 

-30.7 

-10.1 

-40.8 

Sum 

j0.79 

j0.27 

j0.45 

j0.34 

j0.57 

-j0.05 

j0.68 

-jl  .42 

jl.21 

-j2.41 

-j3.24 

-jl  .14 

-j  1 .44 

-jl.00 

-j8.79 

jl  .84 

j6.96 

All  PSS  damping  gains =5  pu,  increment  1  pu  on  machine  MVA  rating. 

Gain  of  FDS=30  pu,  increment  0.9  pu  on  device  base. 

The  incremental  mode  shift  induced  by  the  generator’s  own  PSS  is  shaded  in  yellow 


20.  Let  us  compare,  for  a  significant  participant  in  each  of  the  modes  B  and  M,  the  real 
parts  of  the  diagonal  element  with  that  of  the  column  sum  for  a  selected  PSS.  For 
example,  for  a  1  pu  gain  increment  in  the  PSS  of  SPS_4,  Table  13.3  on  page  603 
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(col.  10)  and  Table  13.5  (col.  10),  reveal  that  interactions  not  only  increase  the  left- 
shift  of  the  local  mode  B  from  -55.5  to  -63.9  units,  but  also  reduce  significantly  the 
left-shift  of  the  inter-area  mode  M  from  -12.8  to  -4.1  units. 

13.4  Stabilizer  damping  contribution  diagrams 

In  order  to  assess  the  relative  effectiveness  of  the  stabilizers  concerned,  the  contributions  to 
the  mode  shifts  of  many  PSSs  and  FDSs  may  need  to  be  examined  jointly  and  compared. 
Much  of  the  information  inherent  in  the  arrays  of  the  contributions  to  mode  shifts  for  the 
local-  and  inter-area  modes  can  be  meaningfully  displayed  graphically  in  stabilizer  damping 
contribution  diagrams  (SDCDs).  From  a  SDCD  it  is  possible  to  assess  the  joint  effects  of 
positive,  zero  or  negative  gain  increments  of  differing  magnitudes  on  individual  stabilizers. 
Such  diagrams  relate  either  to  the  column  or  row  sums  of  mode  shift  contributions  in  the 
arrays  of  Tables  13.3  or  13.5  and  therefore  take  the  effect  of  interactions  into  account.  Ear¬ 
lier,  in  Section  13.2.2,  the  concepts  of  stabilizer  interactions  and  generator  interactions  are  in¬ 
troduced  based  on  the  associated  forms  of  the  equations  (13.14)  and  (13.16)  which  relate  the 
complex  mode  shifts  to  incremental  stabilizer  gains. 

The  SDCDs  are  now  examined  for  the  two  types  of  interactions  for  three  inter-area  modes 
and  one  local  mode;  the  variety  of  information  provided  by  each  SDCD  is  illuminating. 

Consider  firstly  the  mode  shift  on  generator  i  resulting  from  an  increment  in  its  PSS  gain; 
the  shift  is  derived  from  (13.16): 

A^|pss_,  =  -(P,7 /Mi)  ■Hil{\)[Gi{\)Uti\ 

j=\*i 

As  mentioned  in  Section  13.2.2  the  first  term  in  the  above  equation  shows  the  mode  shift 
on  generator  /  resulting  from  a  gain  increment  A k{  on  its  own  PSS.  The  second  term  reveals 
that,  for  the  same  PSS  gain  increment  A £;. ,  there  are  also  contributions  to  the  mode  shift  of 

generator  i  by  the  other  n  —  1  generators.  The  relevant  information  is  provided  in  the  col¬ 
umns  for  each  PSS  in  Tables  13.3  and  13.5.  For  example,  consider  col.  6  in  Table  13.5  for 
the  mode  M,  XM  =  -  0.42  ± y'2.04  .  Listed  in  col.  6  are  the  component  mode  shifts  resulting 

from  a  gain  increment  of  1  pu  on  the  PSS  of  generator  LPS_3.  The  mode  shift  A/,|)  which 

-3  .  h 

is  displayed  in  row  6  of  col.  6  is  —  1 1.0  ±j  1.37  units  (1  unit  =  10  ).The  mode  shifts  A X^ 
which  are  associated  with  interactions  with  the  other  generators  are  listed  in  the  remaining 

h  I 

n  -  1  elements  in  col.  6.  The  net  mode  shift,  AX  . ,  is  the  sum  of  all  the  contributions  in 

ipss_i 

col.  6,  i.e.  -8.42-/0.05  units;  in  this  case  the  effect  of  interactions  is  to  degrade  the  damping 
contribution  of  the  PSS  on  generator  LPS_3  by  2.6  units. 


610 


Interactions,  effectiveness  of  PSSs  &FDSs  Ch.  13 


Secondly,  consider  the  SDCD  associated  with  a  gain  increment  on  each  stabilizer  as  dis¬ 
played  in  Figure  13.5  for  the  inter-area  modes  M  (XM  =  -  0.42  ±y'2.04)  and  L 

(XL  =  -  0.14  ±y'2.56).  As  noted  above  for  the  inter-area  mode  M  the  net  mode  shift, 
h\ 

AX  |  . ,  for  the  increment  in  the  damping  gain  of  the  LPS_3  PSS  is  — 8.42— /0. 05  units;  this 

result  is  also  shown  in  the  figure.  The  main  contributors  (found  from  the  column  sums  in 
the  last  row  of  Table  13.5)  to  the  damping  of  the  inter-area  mode  M  are  not  only  the  PSSs 
in  Areas  3  &  4  but  also  the  FDS  on  BSVC_4.  Note  that  in  col.  16  of  Table  13.5  for  mode 
M  the  contribution  from  the  FDS  to  the  mode  shift  is  -  10.1  +  y'1.84  units.  This  is  the  dom¬ 
inant  contribution  which  results  from  the  increment  in  the  FDS  gain  and  is  clearly  observed 
in  Figure  13.5. 


Mode  L  —  Mode  M 


Contribution  of  the  stabilizers  to  the  shift  in  the  following  nodes  due  to  increments  in  the  stabilizer  gains: 

—  MODE  (  120)  -0.142  +  2.55B6J  Total  Shift  -0.027  -  0.0143J  5hif  tedMode  -0.1ES  t  2.5443J 
—  MODE  (131)  -0.418  +  2.03BGJ  TotalShift  -0.041  -  0.0070J  ShiftedMode  -0.45S  t  2.0317J 

Figure  13.5  Case  1.  Stabilizer  damping  contribution  diagram  for  inter- area  modes  L  &  M 
for  a  damping  gain  increment  of  1  pu  on  each  PSS  and  0.9  pu  on  the  FDS. 
Nominal  gain  settings:  All  PSSs  5pu,  FDS  30  pu.  Note  scale. 


As  an  aside,  consider  the  contribution  of  the  FDS  derived  from  (13.8)  in  which  the  gain  of 
FDS  j  is  incremented  by  A kj .  The  resulting  contribution  of  FDS  j  to  the  mode  shift  is: 


/  n 


AV 


IfdsJ 


I  (P ih^i)Hij(K)  (<y*v*,/vi7,)  [Gj(Xh)Akj} 


i=  1 


and  demonstrates  that  the  FDS  interacts  with  all  of  n  generators  to  produce  a  shift  in  the 
mode. 
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The  SDCD  in  Figure  13.5  further  reveals  that  the  damping  of  mode  L  is  effectively  im¬ 
proved  by  increasing  the  gains  of  PSSs  in  Areas  2  and  5  as  well  as  the  gain  of  the  FDS. 


Mode  B 


Mode  K 


Real  part  of  node  shift  (Neper/s)  x10(-2) 


Contribution  of  the  stabilizers  to  the  shift  in  the  following  modes  due  to  increments  in  the  stabilizer  gains: 

—  MODE  (  94)  -0.399  +  9.G579J  Total  Shift  -0.102  +  0.011GJ  Shiftedrbde  -0.501  +  9.GE9GJ 

—  MODE  (  125)  -0.182  +  3.9335J  Total  Shift  -0.059  -  0.0104J  ShiftedhlDde  -0.241  +  3.9231  J 


Figure  13.6  Case  1 .  Stabilizer  damping  contribution  diagram  for  local-  and  inter-area 
modes  B  &  K  for  damping  a  gain  increment  of  1  pu  on  each  PSS  and  of  0.9  pu  on  the  FDS. 
Nominal  gain  settings:  All  PSSs  5pu,  FDS  30  pu.  Note  scale. 


In  Figure  13.6  is  shown  the  SDCD  associated  with  a  gain  increment  on  each  stabilizer  for 
the  local-area  mode  B,  Xg  =  —  0.40  ± y'9.66 ,  and  the  inter-area  mode  K, 

XK  =  —  0.18  ±  j 3.93  .  For  mode  B  the  main  contributors  to  the  enhanced  damping  of  this 

local-area  mode  (found  from  the  column  sums  in  the  final  row  of  Table  13.3  on  page  603) 
are  the  PSSs  in  Area  4.  Useful  information  revealed  by  the  SDCD  for  the  inter-area  mode 
K  is  that  increasing  the  PSS  gain  on  unit  LPS_3  is  an  effective  way  of  boosting  the  damping 
of  that  mode.  Incrementing  the  gain  of  the  FDS,  however,  is  ineffective  in  improving  the 
damping  of  both  modes.  Note  that  the  SDCDs  do  not  show  the  extent  of  the  interactions 
between  PSSs  which  may  enhance  or  degrade  the  damping  of  the  mode;  such  effects  are  re¬ 
vealed  in  the  off-diagonal  elements  in  the  columns  of  Tables  13.3  and  13.5. 


Note  that  the  relative  amounts  of  the  increments  in  individual  stabilizer  gains,  whether  they 
be  positive,  zero  or  negative,  depend  on  a  number  of  factors.  In  particular,  before  gain  in¬ 
crements  are  decided  upon,  the  effects  of  gain  changes  on  the  pertinent  local-  and  inter-area 
modes  need  to  be  examined  for  an  encompassing  range  of  operating  conditions,  normal  and 
outage. 
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An  alternative  set  of  SDCDs,  shown  in  Figures  13.7  and  13.8,  is  based  on  (13.14),  namely: 

A^lgen_i  =  “(P ih'Mt)  '  VU(h)  [G,.(^)Mf] 

-(P///^)-  "z  Hy(Xh)(cJ.uth/uih)[Gj(kh)*kJ\. 
j=l*i 

The  contributions  to  the  mode  shift  by  generator  i  resulting  from  a  gain  increment  on  each 
of  the  n  +  z  stabilizers  are  shown  in  the  rows  for  that  generator  in  Tables  13.3  and  13.5.  For 

h\ 

each  generator  in  these  tables  the  net  mode  shift,  AX  .  (the  ‘Row  Sum’  in  col.  17),  is 
displayed  in  the  SDCD. 

Figure  13.7  shows  the  contributions  to  damping  of  modes  L  and  M  by  each  generator  when 
all  stabilizer  gains  are  increased. 

In  Figure  13.7  it  is  of  interest  to  note  that  generator  PPS_5  makes  a  negligible  contribution 
to  mode  M  although  it  is  a  dominant  participant  in  the  state  participation  factors  in 
Figure  13.2.  This  is  seen  to  apply  also  to  mode  L  in  Figure  10.33  when  all  PSS  gains  are  5  pu 
on  machine  base  but  the  FDS  is  out  of  operation.  From  these  observations  it  is  concluded 
that  strong  participation  in  a  mode  does  not  necessarily  mean  that  the  unit  contributes  to 
the  damping  of  that  mode  -  as  is  evident  in  Figure  10.32.  Examination  of  the  row  for  the 
generator  PPS_5  in  Table  13.4  on  page  605  for  mode  M  reveals  that  the  real  component  of 
the  incremental  MITC  of  0.74  pu  due  to  the  PSS  installed  on  that  generator  is  cancelled  by 
negative  interactions  with  the  other  stabilizers,  notably  TPS_5,  NPS_5  and  LPS_3.  Conse¬ 
quently,  even  though  the  inertia-weighted  participation  factor  of  about  0.06  pu  for  PSS_5  in 
Figure  13.3  is  not  insignificant  the  mode  shift  due  to  PPS_5  is  negligible  because  the  net  in¬ 
cremental  MITCs  for  the  generator  are  negligible. 
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—  Mode  L 


—  Mode  M 


Contribution  of  the  generators  to  the  shift  in  the  following  inodes  due  to  increments  in  the  stabilizer  gains: 
—  NODE  (  120)  -0.142  +  2.5E0GJ  TotalShift  -i!n 27  -  0.0143j  ShiftedMode  -0JB9  t  2.5443J 
—  NODE  (131)  -0.418  +  2.03BEJ  TotalShift  -0.041  -  0.0070J  ShiftedMode  -0.459  t  2. 0317J 


Figure  13.7  Case  1 .  Contributions  to  mode  shifts  of  modes  L  &  M  by  each  generator  for  a 
damping  gain  increment  of  1  pu  on  all  PSSs  and  0.9  pu  on  the  FDS. 

Nominal  gains:  All  PSSs  5pu,  FDS  30  pu.  Note  scale. 


The  contributions  to  damping  of  modes  B  and  K  by  each  generator  in  Figure  13.8  on 
page  614  appear  to  be  similar  to  those  in  Figure  13.6  for  the  contributions  to  damping  of 
modes  B  and  K  by  each  stabilizer.  This  not  the  case  in  Figures  13.5  and  13.7  for  modes  M 
and  L.  The  observation  on  modes  B  and  K  is  valid  for  those  units  for  which  the  interactions 
with  other  stabilizers  are  small  compared  to  the  mode  shifts  induced  on  generators  by  their 
own  PSSs.  Furthermore,  note  that  the  contribution  by  the  FDS  to  the  damping  of  modes  B 
and  K  is  negligible;  it  is  significant  for  modes  M  and  L. 

While  Tables  13.3  and  13.5  and  the  SDCDs  provide  -  for  tuning  or  exploratory  purposes  - 
similar  useful  information  on  the  effectiveness  of  stabilizers  for  small  increments  in  gain,  the 
question  arises  ‘for  what  size  gain  increments  is  that  information  valid?’.  The  following  illus¬ 
trates  an  approach  for  answering  the  question. 
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—  Mode  B  Mode  K 


Contribution  of  the  generators  to  tbe  shift  in  the  following  modes  due  to  increments  in  the  stabilizer  gains: 

—  MODE  (  84)  -0.399  +  9. 8580 J  TotolShift  -0.102  t  0.B11GJ  ShiftedMode  -0.501  +  9.G696J 

—  MODE  (  114)  -0.182  +  3. 9335 J  TotalShift  -0.059  -  0.0104J  ShiftedMode  -0.241  +  3.9231J 

Figure  13.8  Case  1 .  Contributions  to  mode  shifts  of  modes  B  and  K  by  each  generator  for 
a  damping  gain  increment  of  1  pu  on  all  PSSs  and  a  gain  of  0.9  pu  on  the  FDS. 
Gains:  All  PSSs  5pu,  FDS  30  pu.  Note  scale. 

13.5  Comparison  of  the  estimated  and  actual  mode  shifts  for  incre¬ 
ments  in  stabilizer  gain  settings 

In  the  studies  of  Section  13.3  the  increments  in  PSS  and  FDS  gains  are  set  to  1  pu  and  0.9 
pu,  respectively.  A  comparison  of  the  estimated  modal  trajectories  from  the  SDCDs  and  the 
actual  trajectories  is  therefore  made  (i)  for  the  local- area  mode  B,  and  (ii)  for  the  inter-area 
mode  M,  for  gain  increments  Ak  of  1,  5  and  10  pu  for  all  PSSs,  and  0.9,  4.5  and  9.0  pu  for 

the  FDS  based  on  the  nominal  gain  settings  of  5  and  30  pu  for  the  PSSs  and  the  FDS,  re¬ 

spectively.  The  estimated  mode  shifts,  A X  t,  the  associated  estimated  mode  value,  X est , 
and  the  actual  mode  values,  Xacl ,  are  shown  in  Table  1 3.6.  The  actual  values  are  determined 
by  recalculating  the  eigenvalues  with  the  nominal  plus  the  incremented  values  of  the  stabi¬ 
lizer  gain  settings. 
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Table  13.6  Estimated  changes  from  the  SDCDs  and  actual  changes  in  modes  B  &  M 
for  increasing  increments  in  PSS  and  FDS  gains 


Gain  increments 

Local-area  mode  B,  =  —  0.40  +  y 9.66 

cn 

r< 

< 

^ est 

^ act 

^ act  ^ est 

PSSs 

FDS 

col.  1 

col.  2 

col.  3 

col.  4 

20%,  lpu* 

3%,  0.9  pu 

-0.102  +70.012 

-0.501  +79.670 

-  0.502  + 79.669 

-0.001-70.001 

100%,  5pu 

15%,  4.5  pu 

-0.512+70.058 

-0.911+79.716 

-0.918+79.705 

-0.007  -70.011 

200%,  lOpu 

30%,  9.0  pu 

-1.023  +70.116 

-1.422  +79.774 

-1.451  +79.731 

-  0.029  -70.403 

*  Increments  in  stabilizer  gain  settings  used  for  Table  13.3  and  for  the  SDCDs 
Nominal  gain  settings  for  PSSs  and  the  FDS  are  5  and  30  pu,  respectively. 


Kst  =  A^+(-°.40+y9.66) 


Gain  increments 

Inter-area  mode  M,  kM  =  -  0.42  + 72.04 

AX  , 

est 

^ est 

^ act 

^ act  ^ est 

PSSs 

FDS 

col.  1 

col.  2 

col.  3 

col.  4 

20%,  lpu* 

3%,  0.9pu 

-0.041-70.007 

-0.459  + 72.032 

-0.459+72.031 

0-70.001 

100%,  5pu 

15%,  4.5pu 

-0.204-70.035 

-0.622  + 72.004 

-0.635+71.997 

-0.013-70.007 

200%,  lOpu 

30%,  9.0pu 

-0.408-70.070 

-0.826+71.969 

-0.887+71.929 

-0.061-70.040 

*  Increments  in  stabilizer  gain  settings  used  for  Table  13.5  and  for  the  SDCDs 
Nominal  gain  settings  for  PSSs  and  the  FDS  are  5  and  30  pu,  respectively. 


hit  =  A^+(-0.42+y2.04) 


From  Table  13.6  it  is  observed  that  both  the  real  and  imaginary  parts  of  the  actual  and  esti¬ 
mated  mode  values  agree  within  5%  for  gain  increments  up  to  five  times  the  increments  of 
1  and  0.9  pu  for  the  PSS  and  FDS  gains.  As  the  gain  increments  increase  towards  ten  times 
the  latter  gain  increments,  the  actual  and  estimated  mode  values  agree  within  7.5%  for  mode 
M;  the  agreement  for  mode  B  remains  within  5%.  The  nature  of  the  actual  trajectory  for 
mode  M  observed  in  Table  13.6  is  consistent  with  that  observed  in  Figure  11.7,  i.e.  from  val¬ 
ues  of  the  FDS  gain  above  35  pu  the  change  in  the  mode  value  does  not  increase  linearly 
with  change  in  gain. 

As  seen  in  the  above  tables  and  in  figures  such  as  Figure  1 0.26,  the  predominately  left  shift 
of  the  modes  with  increasing  stabilizer  gain  is  the  objective  of  the  tuning  procedures  out¬ 
lined  in  Chapters  5,  6  and  1 1 .  Given  that  the  stabilizer  transfer  functions  are  of  the  form 
k-G  Xs) ,  where  k{  is  a  real  gain  (in  pu  on  device  base)  and  G;(s)  is  the  compensation  transfer 
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function,  then  ideally,  (i)  G;(s)  ensures  the  left  shift  of  all  modes  over  a  range  of  modal  fre¬ 
quencies,  and  (ii)  the  gain  kt  determines  the  extent  of  the  mode  shift. 

The  basis  for  the  tuning  of  PSS  transfer  functions  &-G.(s)  using  the  P-Vr  method  is  ex¬ 
plained  and  applied  in  Chapters  5,  9  and  1 0.  Adopting  this  approach,  and  employing  the  ap¬ 
propriate  SDCDs,  suggest  that  the  coordination  of  stabilizers  can  be  achieved  through  the 
coordination  of  their  gains,  kt .  This  is  the  basis  of  the  analysis  in  Chapter  14. 

The  acceptable  extent  to  which  the  actual  and  estimated  modal  trajectory  diverge  as  the  sta¬ 
bilizer  gains  are  incremented  depends  on  the  user’s  application  and  objectives.  For  example, 
in  a  formal  procedure  for  the  coordination  of  gain  settings  for  PSSs  and  FDSs  it  is  necessary 
to  confirm  that  the  gain  increments  selected  do  not  result  in  the  difference  between  the  es¬ 
timated  and  actual  mode  shifts  exceeding  acceptable  limits  over  a  range  of  operating  condi¬ 
tions  [4], 

13.6  Summary 

13.6.1  Interactions  [3]  1 

The  analysis  of  interactions  is  based  on  PSS  and  FDS  transfer  functions  being  of  the  form 
£(Gr(s).  As  stated,  the  transfer  function  G;(s)  is  tuned  to  effect  a  left-shift  of  the  rotor 
modes  and  the  gain  k{  determines  the  extent  of  the  shift.  It  is  shown  that,  for  an  increment 
in  PSS  damping  gain  A kf  the  self-induced  modal  torque  coefficient  on  generator  i  and  the 

associated  self-contribution  to  the  shift  in  mode  are  A7^«AA:;.  and 

A/^(.  =  — (p,/,/ Mj)  A 7^. ,  respectively.  This  is  consistent  with  tuning  techniques  based  on  the 

P-Vr  method,  however,  due  to  interactions  from  other  generators,  A7^(-  and  A/,*  may  be 
enhanced  or  degraded.  Flence: 

•  The  machines  with  higher  inertia- weighted  participation  factors,  p /M,  are  the  more 
effective  contributors  to  damping. 

•  For  local  modes,  which  typically  have  only  a  few  machines  participating,  the  magni¬ 
tudes  of  the  factors  p/ M  for  the  dominant  machines  are  significantly  larger  than 
those  for  the  inter-area  modes,  which  may  have  numerous  machines  participating. 

h 

Thus  the  self-contributions  to  damping  AA,  -  ■  by  dominant  machines  are  likely  to  be 
less  for  inter-area  modes  than  for  local  modes. 


1.  ©  2000  IEEE.  Reprinted  with  permission  [3]. 
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•  For  inter-area  modes,  the  effect  of  interactions  is  to  degrade  further  the  already  lower 

h 

self-damping  contribution  AXn  of  generators.  As  is  shown  in  the  study,  and  observed 
in  practice,  the  damping  of  inter-area  modes  is  generally  poorer  than  local  modes  and 
is  more  difficult  to  improve  using  PSSs.  The  damping  of  local  modes  maybe  enhanced 
by  interactions  (as  observed  in  [13]). 

•  The  studies  show  that  the  damping  of  several  inter-area  modes  can  be  enhanced  sig¬ 
nificantly  by  fitting  a  FACTS  device  placed  at  a  suitable  location  with  a  tuned  FDS 
[14].  The  FDSs  may  have  little  effect  on  the  damping  of  local-area  modes,  however, 
this  is  location,  system  and  operating  condition  dependent. 

•  For  the  inter-area  mode  M  the  FDS  in  the  study  induces  positive  damping  torques  on 
the  generators  and  thus  contribute  to  damping  by  each  generator.  In  this  case,  the 
interactions  between  the  FDS  and  the  PSSs  are  positive,  i.e.  an  increment  in  FDS  gain 
enhances  the  self-damping  resulting  from  an  increment  in  PSS  gain  on  generator  i. 

h 

•  It  can  be  shown  that  the  term  r-=  in  (13.13)  is  the 

residue  from  the  voltage  reference  to  the  speed  output  on  machine  j  [12],  However, 
associated  information  on  interactions  provided  by  (13.8),  which  incorporates  the  res- 
h  .  . 

idue  rtj ,  is  not  available  through  the  Method  of  Residues  in  Chapters  6  and  1 1 . 

13.6.2  Relative  Effectiveness  of  Stabilizers  [3] 

•  The  stabilizer  damping  contribution  diagram  is  a  simple,  productive  tool  for  display¬ 
ing  simultaneously  the  contributions  to  damping  by  some  or  all  of  the  PSSs  and  FDSs. 
Hence  those  stabilizers  which  make  the  most  significant  contributions  to  the  damping 
of  rotor  modes  can  be  identified  rapidly. 

•  Such  diagrams  provide  the  engineering  insight  and  basis  for  the  simultaneous  coordi¬ 
nation  of  PSSs  with  PSSs,  and  PSSs  with  FDSs  [4] .  These  aspects  have  been  found  to 
be  particularly  valuable  in  practical  applications  and  will  be  employed  in  Chapter  14. 

•  For  practical  applications  the  increments  in  stabilizer  gains  can  be  applied  to  one, 
some  or  all  stabilizers  simultaneously.  This  facility  permits  the  coordination  of  all  sta¬ 
bilizers  in  Area  2  only,  say,  to  investigate  the  improvement  in  the  damping  of  the  rele¬ 
vant  local-  and  inter- area  modes. 

•  The  disadvantage  of  the  diagram  is  that  it  applies  to  small  increments  in  stabilizer 
gains.  However  it  has  been  found,  for  example,  that  mode  shifts  due  to  PSS  gain 
increments  of  ±5  pu  on  machine  base  are  accurate  typically  within  5%;  such  informa¬ 
tion  needs  to  be  confirmed  for  the  power  system  under  study. 
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Chapter  14 


Coordination  of  PSSs  and  FDSs  using 
Heuristic  and  Linear  Programming  Approaches 


14.1  Introduction 

Various  techniques  have  been  reported  in  the  literature  for  the  coordination  of  PSSs  in  mul¬ 
ti-machine  power  systems  [1],  [2],  [3],  [4],  Some  of  these  techniques  have  used  linear  pro¬ 
gramming  solutions  for  coordinating  PSS  gains  [5],  [6],  However,  little  attention  has  been 
given  to  the  simultaneous  coordination  of  PSSs  and  FDSs  [7],  [8],  [9]  [10];  this  aspect  is  the 
subject  of  this  chapter.  It  must  be  emphasized  that  in  the  current  context  the  term  ‘coordi¬ 
nation’  is  used  to  mean  coordinating  the  gains  of  stabilizers  installed  on  generators  and 
FACTS  devices,  say,  in  an  area  of  interest  for  the  purpose  of  improving  the  damping  of  rotor 
modes.  This  is  as  opposed  to  coordination  in  the  context  of  coordinating  controllers,  e.g. 
AVR-PSS  coordination,  within  a  single  generating  unit  [11],  In  the  following  text  the  damp¬ 
ing  gains  of  PSSs  and  the  gains  of  FDSs  are  collectively  referred  to  as  stabilizer  gains. 

It  has  been  emphasized  that  the  predominately  left  shift  of  the  modes  with  increasing  stabi¬ 
lizer  gain  is  the  objective  of  the  design  procedures  outlined  in  Chapters  5  and  10  for  PSSs 
and  Chapter  11  for  FDSs.  In  essence,  because  the  stabilizer  transfer  functions  are  of  the 
form  kG(s ) ,  where  k  is  a  real  gain  and  the  transfer  function  G(s)  provides  the  phase  com¬ 
pensation,  then  ideally,  (i)  G(s)  ensures  the  left  shift  of  all  modes  over  the  selected  range  of 
modal  frequencies,  and  (ii)  the  gain  k  determines  the  extent  of  the  left-shift  of  the  mode. 
This  basic  approach  to  the  tuning  of  stabilizers  provides  the  following  rationale  for  the 
methods  of  heuristic  and  automated  coordination. 
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•  In  both  the  heuristic  and  automated  coordination  procedures  the  stabilizer  gain  and 
the  phase  compensation  are  the  two  important  components  which  are  essentially 
decoupled  for  practical  purposes.  Therefore,  in  the  coordination  procedures  that  fol¬ 
low,  the  stabilizer  gains  are  the  adjustable  quantities  and  the  parameters  of  the  com¬ 
pensation  transfer  functions  G(s)  remain  unchanged. 

•  For  the  process  of  stabilizers  coordination  the  PSSs  and  FDSs  should  be  robust  over 
an  encompassing  range  of  operating  conditions,  normal  and  outage  (see  Section  1.2 
item  3  and  Section  11.8.2,  respectively). 

•  Ideally,  the  incremental  left-shifts  of  the  rotor  modes  should  be  more-or-less  linearly 
related  to  increments  in  stabilizer  gain  for  small  changes  about  the  nominal  values. 
(See  10.26  for  PSSs.)  For  FDSs  certain  rotor  modes  may  be  insensitive  to  changes  in 
stabilizer  gain  (see  Figure  11.7). 

•  The  nature  of  the  trajectories  for  the  inter- area  modes  K,  L  and  M  are  shown  in 
Figure  11.7  for  BSVC_4  (for  mode  M),  Figure  11.12  for  PSVC_5  (modes  L,  M),  and 
in  Figure  14.2  for  SVC2  (modes  K,  L).  At  the  lower  values  of  gain  the  incremental 
left-shift  of  the  nominated  modes  increases  linearly  with  the  increments  in  gain. 

In  Chapter  13  a  basis  is  developed  for  the  heuristic  coordination  of  PSSs  and  FDSs  employ¬ 
ing  stabilizer  damping  contribution  diagrams  (SDCDs).  Nevertheless,  it  is  apparent  from  the 
example  in  Section  13.4  that  the  approach  presented  in  that  chapter  would  require  a  series 
of  calculations  to  determine  the  appropriate  stabilizer  gain  settings  to  enhance  the  damping 
of  each  rotor  mode;  the  approach  can  therefore  be  tedious  for  larger  systems  where  certain 
damping  criteria  are  to  be  met  for  a  large  number  of  rotor  modes.  Moreover,  in  the  approach 
presented  in  Chapter  13  it  is  not  clear  how  the  following  constraints  can  be  satisfied:  (i)  lim¬ 
iting  any  right-shift  in  exciter/ controller  modes  that  may  occur  as  a  result  of  increasing  sta¬ 
bilizer  gains;  (ii)  constraining  the  shift  in  the  frequency  of  rotor  modes  (i.e.  the  imaginary 
part  of  their  eigenvalues)  which  may  result  from  increases  in  stabilizer  gains.  Since  it  has 
been  established  that  the  coordination  of  the  stabilizers  can  be  achieved  by  coordinating 
their  gains,  then  an  appropriate  method  for  automating  the  gain  selection  procedure  subject 
to  a  series  of  constraints  is  to  use  linear  programming  [7],  [8],  or  genetic  algorithms  [4],  for 
example.  Nevertheless,  it  is  informative  to  reveal  the  insights  provided  through  heuristic  co¬ 
ordination. 

Based  on  the  SDCDs  an  example  of  the  analysis  and  process  of  heuristic  coordination  of 
PSSs  and  FDSs  over  six  operating  conditions  is  presented  in  Section  14.3. 

The  method  for  heuristic  coordination  is  extended  in  Section  14.4  to  the  application  of  lin¬ 
ear  programming  (LP)  for  stabilizer  coordination.  Employing  this  approach  the  calculation 
of  the  gain  settings  becomes  automated,  and  thus  less  tedious.  Furthermore,  the  gain  set¬ 
tings  given  by  the  solution  of  the  LP  problem  is  an  optimal  set;  however,  it  is  not  guaranteed 
that  the  solution  is  unique  [12], 
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For  both  the  heuristic  and  the  automated  approaches  the  two-stage  coordination  procedure 
is  adopted  to  determine  the  parameters  of  the  PSS  and  FDS  transfer  functions  kjGj(s) .  In 

stage  one,  the  transfer  functions  Gy  (.S')  are  designed  to  left-shift  the  relevant  modes  by  pro¬ 
viding  the  appropriate  phase  compensation  (as  explained  in  Chapters  5,  10  and  11).  In  the 
heuristic  approach  in  stage  two,  information  on  the  sensitivity  of  the  real  part  of  a  selected 
mode  to  an  increment  in  any  stabilizer  gain  is  derived  from  the  SDCDs.  The  necessary  in¬ 
crements  in  stabilizer  gains  can  then  be  calculated  to  achieve  a  desired  left-shift  in  the  mode. 
For  the  automated  analysis  in  stage  two,  the  stabilizer  gains  k-  are  determined  by  solving  a 

LP  problem.  The  objective  function  of  the  LP  problem  is  selected  such  that  the  weighted 
sum  of  the  stabilizer  gains  is  minimised,  subject  to  (i)  satisfying  a  desired  level  of  damping 
for  selected  modes  of  rotor  oscillation,  (ii)  constraining  the  right  shift  of  the  exciter  or  other 
controller  modes,  and  (iii)  limiting  the  allowable  change  in  the  frequency  of  oscillation  of  the 
rotor  modes.  The  objective  function  is  chosen  because,  for  small  system  disturbances,  low 
stabilizer  gains  reduce  not  only  the  effect  of  limiting  action  on  the  output  of  the  stabilizer, 

the  AVR  and  excitation  systems,  but  also  the  reactive  power  swings  on  generators  1 . 

To  illustrate  the  two  methods  of  stabilizer  coordination  the  studies  are  based  on  the  multi¬ 
machine  power  system  used  in  the  studies  in  Chapters  10, 11,  and  13. 

14.2  The  14-generator  power  system 

The  14-generation  system  described  in  Section  10.2  again  serves  as  an  example  to  illustrate 
the  procedures  for  heuristic  and  automated  coordination.  The  parameters  of  the  PSSs  are 
provided  in  Tables  10.5  to  10.9;  the  transfer  functions  for  the  bus-frequency  FDSs  on 
BSVC_4  and  PSVC_5  on  buses  412  and  507,  respectively,  are  given  in  equations  (11.12)  and 
(11.13). 

Because  separate  studies  have  shown  the  need  for  a  SVC  and  stabilizer  to  provide  voltage 
control  and  to  assist  in  providing  damping  for  mode  L  (frequency  —2.6  rad/ s),  a  SVC  (base 
MVA  is  200  Mvar)  is  installed  at  bus  212,  a  major  load  bus,  located  in  the  vicinity  of  other 
load  buses  in  Area  2.  It  is  therefore  necessary  (i)  to  install  in  the  power  flow  analysis  a  SVC 
on  the  selected  bus,  (ii)  to  provide  voltage  regulation  at  bus  212,  and  (iii)  to  include  voltage 
droop.  The  procedures  developed  in  Chapter  11  will  then  be  employed  to  the  evaluate  the 
parameters  of  its  bus-frequency  stabilizer.  In  the  studies  in  Chapter  10  the  SVCs,  BSVC_4 
and  PSVC_5,  are  on-line  under  closed-loop  voltage  control  but  with  their  FDSs  out  of  ser¬ 
vice.  For  Cases  1  to  6  the  associated  voltages,  real  and  reactive  power  flows,  and  other  var¬ 
iables  in  the  steady-state  power  flows  are  provided  in  Table  10.2,  together  with  the  rotor 
modes  in  Tables  10.11,  10.15  and  10.16.  Note  that  these  quantities  will  be  slightly  modified 
with  the  addition  of  the  SVC,  called  SVC_2.  For  Case  1  with  SVC_2  in  service  under  closed- 


1.  Reactive  power  swings  on  generators  can  occur  with  certain  types  of  PSS  (see 
Section  8.3.1) 
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loop  voltage  control  the  inter-area  modes  are  K  —  1.05  ±y'3.68 ,  L  -  0.37  ±y'2.45  ,  and 
M  -  0.51  ± 7' 1.80  (all  FDSs  out  of  service). 

The  small-signal  model  of  the  controller  for  SVC_2  is  that  shown  in  Figure  10.38.  Its  pa¬ 
rameters  are:  200  MVAr  (Mbase),  K$  =  2.0,  =  1000,  =  0.005  pu  on  Sbase 

(100  MVA)  and  T ^  =  0.005  s  The  parameters  of  its  bus-frequency  FDS  for  SVC_2  are  to 
be  determined  in  the  following  section. 

14.2.1  Evaluation  of  the  transfer  function  for  the  SVC  at  bus  212. 

The  polar  plot  of  the  residues  for  modes  K,  L  and  M  is  shown  in  Figure  14.1  for  the  SVC 
transfer  function  AFrq(Xfl)/ ts.Vre^kh)  for  the  range  of  operating  conditions,  Cases  1  to  6. 

The  damping  gains  of  PSSs  are  all  set  to  20  pu  or  all  to  10  pu;  no  other  FDSs  are  in  opera¬ 
tion.  The  selection  of  representative  tuning  parameters  is  weighted  towards  mode  L;  the  res¬ 
idues  for  mode  M  are  negligible. 


Nag.  Angle  Name 

0.052  178.95  (A)  C01 

0.077  -158.38  (A)  C05 
0.079  -158.18  (A)  C03 
0.057  -1 45.70  (0)  C01 
0.044  -142.23  (B)  C02 
0.057  -141.17  (A)  C04 
0.121  -140.98  (A)  C02 
0.082  -140.85  (B)  C05 
0.038  -138.65  (B)  C03 
0.094  -139.13  (A)  C06 
0.000  -133.44  (C)  C06 
0.072  -133. 2B  (B)  C04 
0.081  -125.59  (B)  C06 

Set  Description 

A  Residues  for  TFM  [FRQ  .5VC_2  <—  Vref.SVC_2]  and  MODE  [K] 

B  Residues  for  TFM  [FRQ  . 5VC_2  <—  Vref.5VC_2]  and  MODE  [L]  Scale:  multiply  by  1.00E-01 

_  C  Residues  for  TFM  [FRQ  .SVC \1  <-  Vref.SVC_2]  and  MODE  [M] 

Figure  14.1  Polar  plot  of  the  residues  for  the  transfer  function  A Frq/ A  Vrej  for  SVC_2, 
modes  K,  L  and  M  and  six  operating  conditions.  All  PSS  damping  gains  set  to  20  pu  on  ma¬ 
chine  base.  For  L  the  values  of  the  modes  are  in  the  vicinity  of  -  0.45  ± y'2.6  . 

Note:  the  magnitude  scale  is  to  be  multiplied  by  0.1. 


The  calculation  of  the  FDS  transfer  function  is  based  on  the  representative  values,  shown 
in  Table  14.1,  with  the  PSS  gains  of  20  pu  rather  than  10  pu,  because  (i)  after  coordination 
of  PSSs  and  FDSs  the  PSS  damping  gains  are  expected  to  be  greater  than  10  pu  and  in  the 
vicinity  of  20  pu;  (ii)  based  on  previous  studies,  the  damping  contributions  of  the  FDS  at  the 
lower  PSS  gains  are  unlikely  to  be  reduced  markedly. 
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Table  14.1  Representative  values  for  evaluation  of  compensation  transfer  function, 

mode  L 


PSS 

Gains 

(pu) 

Mode  & 
Phase  spread 
(deg) 

Represent¬ 
ative  phase 
angle  (deg) 

Compensa¬ 
tion  angle 
(deg) 

Maximum 

residue 

Represent¬ 
ative  mode 

20 

L:  20  * 

-136 

-44 

0.008 

0.45  ± y'2.6 

10 

L:  17  * 

-152 

-28 

0.008 

*  Note:  The  residues  for  mode  M  are  small. 


Based  on  the  algorithm  in  Appendix  6—1.1,  the  FDS  transfer  function  for  SVC_2  when  all 
PSS  damping  gains  are  set  to  20  pu  is: 


F(s)  =  kfds 


6s 

|"1  +0.157.?! 

r  1  i 

_l+6s_ 

_1  +0.628s_ 

_1  +0.033^_ 

Rm 


781  pu; 


(14.1) 


the  same  washout  and  low-pass  filter  time  constants  are  employed  as  for  the  FDSs  of 
BSVC_4  and  PSVC_5  to  cover  the  range  of  the  rotor  modal  frequencies. 
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Modes : 

K  L,  Case  01, 

PSS  Gains  20  pu 

k  1,  Case  01, 

PSS  Gains  10  pu 

K  L,  Case  04, 

PSS  Gains  20  pu 

k  1,  Case  04, 

PSS  Gains  10  pu 


Figure  14.2  SVC_2.  Cases  1  and  4.  Trajectories  of  modes  K  and  L  as  the  stabilizer  gain, 
k^,  is  increased  from  zero  (shown  by  an  arrow)  to  1 00  pu  in  steps  of  1 0  pu  on  the  SV C  base; 
changes  in  Mode  M  are  negligible.  PSS  damping  gains  are  set  to  20  and  10  pu. 

To  establish  the  effectiveness  of  the  FDS  on  SVC_2  in  improving  the  damping  of  the  inter¬ 
area  modes  K  and  L,  the  modes  are  tracked  in  Figure  14.2  as  the  FDS  gain  is  increased  from 
zero  to  lOOpu.  The  trajectories  of  the  modes  are  illustrated  for  both  Cases  1  and  4  (heavy 
and  light-load  conditions),  and  for  all  PSS  gains  set  to  20  or  lOpu.  Over  the  gain  range  the 
modes  shift  more-or-less  linearly  with  increments  in  FDS  gain;  all  other  modes  are  stable. 
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14.3  A  Heuristic  Coordination  Approach 

14.3.1  Coordination  of  stabilizers  for  damping  the  inter-area  modes 

The  object  of  the  coordination  procedure  is  to  satisfy  the  criteria  for  the  damping  and  other 
small-signal  requirements  of  the  system.  Such  criteria  should  include  both  normal  and  the 
relevant  outage  conditions;  for  simplicity,  the  latter  conditions  are  excluded  from  the  analy¬ 
sis  but  are  notionally  accounted  for  in  the  formulation  of  performance  criteria. 

The  dynamic  performance  criteria  in  the  following  procedure  are  (i)  the  damping  ratio  of  the 
inter-area  modes  is  to  be  greater  than  0.2  (20%),  (ii)  the  PSS  and  FDS  gains  are  be  held  at 
‘low’  values  for  reasons  explained  earlier;  e.g.  initially  set  all  PSS  damping  gains  to  5  or  10 
pu.  In  the  following  study  the  damping  criterion  has  been  chosen  to  be  somewhat  high  so 
that  the  system  is  likely  to  be  small-signal  stable  for  the  outage  of  a  major  transmission  ele¬ 
ment. 

As  has  been  emphasized,  there  is  no  unique  method  for  the  heuristic  coordination  of  the 
gain  settings  of  those  PSSs  and  FDSs  units  which  are  selected  for  the  purpose.  Flowever,  to 
reveal  the  insights  that  can  be  derived,  the  following  procedure  is  adopted. 

For  the  FDSs  that  participate  in  the  coordination  of  stabilizers  the  characteristics  of  their 
eigen- trajectories  should  be  noted,  namely; 

•  In  Figure  11.7  for  BSVC_4  the  shift  in  mode  M  is  more-or-less  to  the  left  in  a  gain 
range  of  0  to  40  pu  on  device  base;  the  left-shifts  in  modes  K  &  L  are  negligible. 

•  For  PSVC_5  it  is  observed  in  Figure  11.12  that  the  shift  in  mode  L  is  to  the  left  over  a 
gain  range  0  to  100  pu  on  device  base.  There  is  a  less  extensive  left  shift  in  mode  K 
over  a  gain  range  0  to  50  pu  on  device  base. 

•  The  left  shifts  in  modes  K  and  L  for  SVC_2  are  seen  in  Figure  14.2  to  increase  linearly 
with  gain  increments  from  0  to  100  pu  on  device  base.  The  shifts  in  mode  M  are  neg¬ 
ligible. 

Consider  the  operating  conditions,  Cases  1  to  6.  Initially,  using  Case  1,  the  stabilizer  gains 
will  be  adjusted  to  satisfy  the  damping  criterion  for  the  inter-area  modes.  Proceeding  to  Case 
2  the  inter-area  modes  will  be  evaluated  using  the  same  gains  to  establish  if  the  criterion  is 
infringed;  if  so,  the  gains  are  appropriately  adjusted.  This  process,  covered  by  a  set  of  steps, 
is  continued  on  in  Cases  3  to  6  until  an  acceptable  set  of  gains  is  found  that  cover  all  cases 
-  possibly  after  several  iterations.  The  steps,  and  the  inputs  and  outcomes  of  each  step  in  the 
process,  are  listed  in  Tables  14.2  and  14.3. 
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In  Step  1  for  Case  1  the  effects  on  the  inter- area  modes  of  selecting  an  initial  or  nominal  set 
of  stabilizer  gains  are  examined.  These  studies  will  form  the  basis  for  the  subsequent  analy¬ 
sis.  Details  of  the  analysis  in  Steps  1  to  5  for  Case  1  are  shown  in  Table  14.2. 


Table  14.2  Steps  in  the  coordination  procedure,  Case  1 


Step 

Gains:  Nominal,  PSSs  &  FDSs 

Inter-area  mode 

Incremental  (pu) 

damping  ratio  C, 

PSSs 

Gain/ 

Inc. 

BSVC 

4 

PSVC 

5 

SVC 

2 

### 

K 

L 

M 

la 

All 

10 

0 

0 

0 

0 

0 

0 

0 

Act. 

-0.501/3.91 

0.126 

-0.181/2.55 

0.069 

-0.251/1.92 

0.131 

ib 

10 

0 

20 

0 

20 

0 

20 

0 

Act. 

-0.551/3.94 

0.14 

-0.411/2.59 

0.16 

-0.551/1.98 

0.27 

2 

All 

10/0 

20/2 

20/2 

20/2 

Est. 

-0.551/3.94 

-0.441/2.59 

-0.581/1.99 

3 

All 

10  /  1 

0/0 

0  /O 

0/0 

Est. 

-0.561/3.89 

-0.201/2.54 

-0.281/1.91 

4a 

All 

10/0 

20/2 

20/12 

20/14 

Est. 

-0.581/3.96 

-0.531/2.61 

-0.631/2.00 

4b 

10 

22 

32 

34 

Act. 

-0.581/3.95 

0.15 

-0.531/2.61 

0.20 

-0.631/2.00 

0.30 

5a 

LPS_3, 
YPS  3 

Other 

PSSs 

Nom. 

lOpu 

10/5 

22 

32 

34 

Est 

-0.821/3.89 

-0.531/2.61 

-0.671/1.99 

5b 

15 

22 

32 

34 

Act. 

-0.811/3.88 

0.21 

-0.531/2.60 

0.20 

-0.671/1.99 

0.32 

Notes.  ##  Est:  Estimated  values  of  modes  from  SDCD. 


Act:  Actual  values  of  modes  from  eigen-analysis 


Step  la,  Case  1 .  It  is  assumed  that  the  required  PSS  damping  gains  will  exceed  10  pu.  With 
the  FDSs  on  the  SVCs  off,  the  inter-area  modes  and  their  damping  ratios  are  calculated;  the 
latter  are  less  than  0.2 

Step  1b,  Case  1 .  It  is  assumed  that  the  gains  of  the  PSSs  and  the  FDS  will  exceed,  respectively, 
the  nominal  values  of  1 0  pu  and  20  pu  on  device  bases;  the  gains  are  set  initially  to  these 
values.  However,  the  performance  criterion  (£  >  0.2)  is  not  satisfied  by  the  nominal  gains 
although  there  is  a  significant  left-shift  in  modes  L  and  M  due  to  the  action  of  the  FDSs. 

Step  2,  Case  1 .  In  order  to  determine  the  effectiveness  of  the  FDSs  their  gains  are  increment¬ 
ed  by  10%  (2  pu).  The  stabilizer  damping  contribution  diagram  (SDCD)  is  shown  in 
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Figure  14.3;  it  is  clear  from  the  figure  that  the  FDSs  have  little  influence  on  mode  K.  How¬ 
ever,  BSVC_4  contributes  significantly  to  the  damping  of  mode  M. 

Mode  K  Mode  L  Mode  M 


-2.5  -2  -1.5  -1  -.5  0  .5  -1  -.5  0  .5 

Real  part  of  mode  shift  Imaginary  part 
(Neper/s)  x10(-2) 

Contribution  of  the  stab i 1 izers_to  the  shift  in  the  following  modes  due  to  increments 
in  the  stabilizer  gains: 

—  MODE  (  129)  -0.549  +  3.9391 J  lotalShift  -0.005  +  0.0025J  ShiftedMode  -0.554  +  3.9415J 

MODE  (  13G)  -0.414  +  2.5B92J  TotalShift  -0.022  +  0.003GJ  5hiftedMode  -0.43G  +  2.592BJ 

—  MODE  (  14G)  -0.554  +  1 .9B0GJ  TotalShift  -0.029  +  0.0074J  ShiftedMode  -0.584  +  1 .90B0J 

Figure  14.3  Step  2,  Case  1 .  Contributions  to  the  mode  shifts  of  inter-area  modes  K,  L  & 

M  by  each  SVC  for  a  gain  increment  of  2  pu  on  the  bus-frequency  FDSs. 

Nominal  gains:  All  PSSs  10  pu,  FDSs  20  pu  on  device  bases.  Note  scale. 

Step  3,  Case  1 .  Based  on  Step  lb  the  aim  is  to  establish,  with  all  FDSs  out  of  service,  (i)  the 
relative  effectiveness  of  the  PSSs  in  improving  damping,  (ii)  which  PSSs  influence  mode  K 
in  particular  when  the  gains  of  all  PSSs  are  incremented  by  10%  (1  pu).  The  resulting  SDCD 
is  given  in  Figure  14.4. 

From  the  figure  it  is  observed  that  an  increase  in  the  gain  on  the  PSS  of  LPS_3  is  most  ef¬ 
fective  in  improving  the  damping  of  mode  K.  PSSs  in  Area  2  also  contribute  marginally  to 
the  damping  of  modes  K  and  L.  Likewise,  PSSs  in  Areas  3  and  4  are  of  some  minor  benefit 
to  mode  M.  In  comparison,  in  Figure  14.3  it  is  demonstrated  that  all  three  SVC  FDSs  im¬ 
prove  the  damping  of  mode  L. 

Step  4a,  Case  1.  In  Step  lb  of  Table  14.2  it  is  noted  that  the  damping  of  mode  L  is  improved 
significantly  when  the  FDSs  are  on-line  with  all  gains  set  to  a  nominal  value  of  20  pu.  For 
the  damping  ratio  of  mode  L  to  increase  to  0.2,  stabilizers  must  shift  the  real  part  of  mode 
from  —0.4 1  ±/'2.59  by  -0.12  Np/ s  to  -0.53±/2.6  .  Based  on  the  mode  shifts  for  a  gain  incre¬ 
ment  of  2  pu  produced  by  FDSs  in  Figure  14.3,  gain  increments  in  PSVC_5,  SVC_2  and 
BSVC_4  of  12  pu,  14  pu  and  2  pu,  respectively,  would  yield  a  shift  in  mode  L  of -0.12  Np/ 
s  (i.e.  (\2/2){pu)  x  (-0.01)  +  (14/2)(pw)  x  (-0.0075)  +  (2/2)(pu)  x  (-0.0045)).  Likewise 
modes  K  and  M  should  benefit  by  real  shifts  of  -0.034  and  -0.075  Np/ s,  respectively.  The 
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estimated  real  shifts  are  confirmed  in  Figure  14.5;  there  are  small  positive  shifts  in  the  imag¬ 
inary  components. 


Mode  K  Mode  L  Mode  M 


Contribution  of  the  stab i  1  izers  to  the  shift  in  the  following  modes  doe  to  increments  in  the  stabilizer  gains: 

—  MODE  (  129)  -0.499  +  3.9101  J  lotalShift  -0.057  -  0.0171  J  ShiftedMode  -0.555  +  3.8931J 

—  MODE  (  139)  -0.177  +  2.5479J  TotulShift  -0.022  -  0.0083J  ShiftedMode  -0.199  +  2.5391J 

—  MODE  (  149)  -0.254  +  1.9232J  TotulShift  -0.029  -  0.0100J  ShiftedMode  -0.2B0  +  1.9125J 

Figure  14.4  Step  3,  Case  1 .  Contributions  to  the  mode  shifts  of  inter- area  modes 

K,  L  &  M  by  each  PSS  for  a  gain  increment  of  1  pu. 

Nominal  gains:  All  PSSs  10  pu,  FDSs  0  pu.  Note  scale. 


Step  4b,  Case  1 .  Eigen-analysis  reveals  (i)  that  there  is  close  agreement  with  the  estimated 
mode  values  from  Step  4a,  and  (ii)  that  the  damping  ratios  of  modes  L  and  M  are  equal  to 
or  better  than  0.2;  however,  the  damping  ratio  of  K  is  0.15  which  does  not  satisfy  the  per¬ 
formance  criterion. 


Step  5a,  Case  1 .  The  aim  now  is  to  increase  the  damping  ratio  of  mode  K  at  Step  4b  from 
0.15  to  0.2.  In  Figure  14.4  it  is  noted  that  the  PSS  on  LPS_3  is  most  effective  in  increasing 
the  shift  of  the  latter  mode.  An  increase  of  5  pu  in  the  damping  gain  of  the  PSSs  on  LPS_3 
and  YPS_3  could  shift  the  mode  from  -0.58±/3.95  by  -0.24  to  -0.82±/3.95  ,  say,  to  yield  a 
damping  ratio  of  0.2  (i.e  5 {pu)  x  (-0.0417)  +  5 (pu)  x  (-0.0059)  =  -0.24  ).  It  is  shown  that 
the  estimated  inter- area  modes  in  Step  5a  agree  closely  with  the  actual  values  in  Step  5b  in 
Table  14.2  and  also  satisfy  the  criterion  on  the  damping  ratios. 
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Contribution  of  the  stobi  1  izers  to  the  shift  in  the  following  nodes  due  to  increments 
in  the  stabilizer  gains: 

MODE  (  129)  -0.549  +  3.9391  J  TotalShift  '-0.034  +  0.0175J’  ShiftedMode  -0.593  +  3.95G5J 

—  MODE  (  13E)  -0.414  +  2.5B92J  TotalShift  -0.117  +  0.0199J  ShiftedMode  -0.532  +  2.G091J 

—  MODE  (  149)  -0.554  +  1.9B0GJ  TotalShift  -0.075  +  0.0231J  ShiftedMode  -0.G29  +  2.0037J 

Figure  14.5  Step  4a,  Case  1 .  Contributions  to  the  mode  shifts  of  inter-area  modes  K,  L  & 
M  by  SVC_2,  BSVC_4  and  PSVC_5  for  gain  increments  of  14  pu,  2  pu  and  12  pu  on  the 
respective  FDSs.  Nominal  gains:  All  PSSs  10  pu,  FDSs  20  pu  on  device  base.  Note  scale. 


It  is  now  necessary  to  check  if  the  stabilizer  gain  settings  at  Step  5b  satisfy  the  performance 
criterion  for  Case  2.  The  coordination  of  the  stabilizer  gains  for  Cases  2  to  6  continues  in 


Table  14.3. 


Table  14.3  Steps  in  the  coordination  procedure,  Cases  2  to  6 


Gains: 

Nominal 

Inter-area  mode 

Step/ 

Case 

Incremental  (pu) 

damping  ratio  C, 

PSS 

Gain 

BSVC 

4 

PSVC 

5 

SVC 

2 

## 

K 

L 

M 

S6/ 
Case  2 

Gens_3** 
Other  PSSs 

15 

10 

22 

32 

34 

Act. 

-0.58±/3.75 

0.15 

-0.554/2.75 

0.19 

-0.62  ±j  1.84 

0.32 

S7/ 
Case  2 

Gens_3 
Other  PSSs 

15/1.5 

10/1.0 

22/2.2 

32/3.2 

34/3.4 

Est 

-0.664/3.74 

-0.604/2.73 

-0.704/1.83 

S8/ 
Case  2 

Gens_3 

15  /  4.5 

Gens_2 

10/5 

22/0 

32/0 

34/6 

Est. 

— 0.80+/3.7 1 

-0.60±y'2.70 

-0.68±y  1.84 

Other  PSSs 

10/0 

S9  / 
Case  2 

As  above 

19.5 
15, 10 

22 

32 

40 

Act. 

— 0.80+/3.70 

0.21 

-0.59±/2.70 

0.21 

-0.684/1.85 

0.34 

S10/ 

Case 

3-6 

As  above 

19.5, 
15, 10 

22 

32 

40 

Act. 

All  damping  ratios  exceed  0.2 
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Gains: 

Nominal 

Inter-area  mode 

Step/ 

Case 

Incremental  (pu) 

damping  ratio  C, 

PSS 

Gain 

BSVC 

4 

PSVC 

5 

SVC 

2 

## 

K 

L 

M 

Check 

Sll/ 

Casel 

As  above 

As  above 

-1.06±/3.79 

0.27 

-0.58±/2.58 

0.22 

-0.71  ±j  1.96 

0.34 

Notes.  ##  Est:  Estimated  values  of  modes  from  SDCD.  Act:  Actual  values  of  modes  from  eigen-analysis. 


**  Gens_A  implies  all  generators  in  the  area  number  A, 


Step  6,  Case  2.  Eigen- analysis  based  on  the  stabilizer  gains  in  Step  5b  reveals  that  the  damping 
ratios  of  mode  K  and  L  are  less  than  0.2. 


Step  7,  Case  2.  In  order  to  ascertain  the  relative  effectiveness  of  the  stabilizers  in  this  case,  all 
PSS  and  FDS  gains  are  increased  by  10%.  The  resulting  contributions  to  the  mode  shifts  of 
the  inter- area  modes  are  revealed  in  Figure  14.6. 

—  Mode  K  Mode  L  ““  Mode  M 


Contribution  of  the  stabilizers  to  the  shift  in  the  following  modes  due  to  increments 

in  the  stabilizer  gains: 

—  MODE  (  129)  -0.570  +  3.7523J  TotalShift  -0.077  -  0.0074J  ShiftedMode  -0.055  +  3.7449J 

—  MODE  (  135)  -0.54E  +  2. 7552 J  TotalShift  -0.050  -  0.024GJ  ShiftedMode  -0.596  +  2.730GJ 

—  MODE  (  147)  -0.622  +  1.0415J  TotalShift  -0.076  -  0.0143J  ShiftedMode  -0.098  +  1 .8272J 

Figure  14.6  Step  7,  Case  2.  Contributions  to  the  mode  shifts  of  inter-area  modes  K,  L  & 

M  by  all  stabilizers  for  gain  increments  of  10%  in  nominal  gains.  Note  scale. 


632 


Coordination  of  PSSs  and  FDSs  Ch.  14 


From  Step  6,  Case  2  it  is  noted  that  is  necessary  to  shift  mode  K  from  -0.58+/3.75  by  -0.21 
Np/s  to  — 0.79+/3.75  to  yield  a  damping  ratio  of  0.2.  It  is  observed  from  Figure  14.6  for 
Step  7,  Case  2,  that  the  combined  real  shift  in  mode  K  is  -0.0350  Np/s  for  a  10%  gain  in¬ 
crement  (1.5  pu)  on  the  PSSs  of  LPS_3  and  YPS_3.  Likewise,  for  a  10%  increment  (1.0  pu) 

on  the  PSSs  of  Gens_2  1  the  total  real  shift  is  -0.0180  Np/s.  Furthermore,  the  gain  incre¬ 
ment  of  3.4  pu  on  SVC_2  (nominal  gain  34  pu)  produces  a  real  shift  in  mode  K  of  -0.0178 
Np/ s.  To  achieve  the  desired  mode  shift  in  mode  K  let  us  increase  the  gain  on  the  stabilizers 
from  the  nominal  values  as  follows: 


Gens_3  by  3x1. 5=4.5  pu  from  15  pu. 
Gens_2  by  5x1. 0=5.0  pu  from  10  pu. 
SVC_2  by  6.0  pu  from  34  pu. 


Real  shift  =  3x(-0.0350)  =  -0.1050  Np/s 

Real  shift  =  5x(-0.0180)  =  -0.0900 

Real  shift  =  (6/3.4)x(-0.0178)  =  -0.0.314 
Total  real  shift  =  -0.2264 


The  new  stabilizer  gain  settings  are: 

Gens_3:  15+4.5  =  19.5  pu;  Gens_2:  10+5  =  15  pu;  SVC_2:  34+6  =  40  pu. 
Unchanged:  Other  PSSs:  10  pu;  BSVC_4:  22  pu;  PSVC_5:  32  pu. 


Although  the  resulting  FDS  gain  increases  on  SVC_2  and  PSVC_5  are  comparable  with  the 
original  nominal  gains  of  20  pu  for  each  FDS,  the  left  shift  of  the  in  ter- area  modes  are  close¬ 
ly  linearly  related  to  the  increments  in  gain  over  the  gain  ranges  (see  the  modal  trajectories 
for  these  modes  in  Figures  11.7,  11.12  and  14.2). 


Step  8,  Case  2.  Using  the  SDCD  shown  in  Figure  14.7  the  mode  shifts  and  modes  are  esti¬ 
mated  with  the  gain  increments  proposed  in  Step  7;  note  that  the  required  mode  shift  of  - 
0.2264  Np/ s  for  mode  K  is  achieved.  The  damping  ratios  of  all  inter-area  modes  in  Case  2 
now  satisfy  the  dynamic  performance  criterion. 


Step  9,  Case  2.  Eigen-analysis  confirms  the  validity  of  the  results  of  Step  8. 


Step  10,  Cases  3  to  6.  Based  on  the  stabilizer  gains  confirmed  in  Step  9  the  damping  perfor¬ 
mance  of  the  inter-area  modes  is  validated  using  eigen-analysis,  i.e.  in  these  Cases  the  crite¬ 
rion  (i(  >  0.2)  is  satisfied. 


Step  1 1 ,  Case  1 .  With  the  same  gain  settings  of  Step  9  the  values  of  the  modes  and  damping 
ratios  for  Case  1  are  recalculated  and  compared  with  those  in  Step  5b  of  Table  14.2.  The 
damping  of  the  inter- area  modes  calculated  in  this  Step  is  an  improvement  over  that  in  Step 
5b. 


1.  Gens_m  covers  all  generators  in  Area  m. 
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Mode  K  Mode  L  Mode  M 


Contribution  of  the  stabilizers  to  the  shift  in  the  following  modes  due  to  increments 
in  the  stabilizer  gains: 

—  MODE  (  129)  -0.578  +■  3.7523J  TotalShift  -0.22E  -  0.0435J  ShiftedMode  -0.805  +  3.70B8J 

—  MODE  (  135)  -0.518  +■  2.7552J  TotalShift  -0.058  -  0.0535J  ShiftedMode  -0.E02  +  2.7017J 

—  MODE  (  147)  -0.822  +■  1.8415J  TotalShift  -0.053  +  0.0030J  ShiftedMode  -0.875  +  1  .B445J 

Figure  14.7  Step  8,  Case  2.  Contributions  to  the  mode  shifts  of  inter-area  modes  K,  L  & 

M  for  the  stabilizer  gains  increments  given  in  Table  14.3.  Note  scale. 


In  comparing  the  eigenvalues  K,  L,  M  in  Step  la,  Case  1,  at  the  start  of  the  procedure  of 
coordination,  with  those  for  the  final  stabilizer  settings  in  Step  11,  Case  1,  it  is  observed: 

(i)  the  real  parts  of  eigenvalues  have  left-shifted  by  some  100  to  200% 

(ii)  the  imaginary  parts  have  remained  within  a  band  of  about  3%. 

These  observations  are  consistent  with  the  rationale  of  the  P-Vr  approach  to  the  tuning 
PSSs  and  of  the  Method  of  Residues  for  tuning  FDSs. 

14.3.2  Coordination  of  local-area  modes. 

The  effect  of  the  increases  in  stabilizer  gains  on  the  local-area  modes,  which  are  well 
damped,  has  so  far  been  ignored.  However,  it  may  be  the  case  that  certain  modes  have  been 
degraded  during  the  above  procedure  designed  to  ensure  the  damping  criterion  is  satisfied 
for  the  inter-area  modes.  Also  of  interest  is  which  local-area  modes  are  affected  by  the  FDSs, 
and  the  extent  of  the  resulting  mode  shifts. 


The  SCDC  in  Figure  14.8  for  local  modes  I,  G  and  H  is  based  on  the  nominal  gain  settings 
for  Step  9.  Increments  of  1  pu  on  all  PSSs  and  4  pu  on  all  FDSs  are  assumed.  The  SDCD 
demonstrates  that  increases  in  stabilizer  gains  enhance  the  damping  of  the  three  local  modes. 
In  particular,  a  4  pu  increment  in  the  FDS  of  BSVC_4  causes  a  significant  shift  in  mode  H, 
a  mode  in  which  TPS_4  (a  generating  unit  electrically  relatively  close  to  the  SVC)  swings 
against  the  other  units  in  Area  4.  The  FDSs  have  little  effect  on  the  seven  remaining  local 
modes  apart  from  BSVC_4  which  slightly  degrades  mode  E  (not  shown  -  it  is  the  second  of 


1.  With  the  higher  gain  settings  on  the  FDSs,  a  possible  extension  of  the  Mvar  range  and 
ratings  of  the  SVCs  may  be  required. 
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the  three  local-area  modes  in  Area  4).  If  only  the  gain  on  FDS  of  BSVC_4  were  increased, 
it  may  occur  that  the  damping  on  mode  E  is  more  severely  degraded;  this  should  be  checked 
if  the  mode  is  relatively  poorly  damped. 


Mode  I  Mode  H  Mode  G 


Contribution  of  the  stab i  1  izers_to  the  shift  in  the  following  modes  due  to  increments 

in  the  stabilizer  gains: 


—  MODE  (  110)  -2.045  +  7. 8739 J  lotalShift  -0.113  -  0.0037J  ShiftedMode  -2.158  +  7.8702J 

MODE  (112)  -1  .529  +  7.9513J  TotalShift  -0.20B  -  0.02G4J  ShiftedMode  -1 .735  +  7. 9249J 

MODE  (114)  -1.4E5  +  7.7554J  TotalShift  -0.104  +  0.0028J  ShiftedMode  -1.5E9  +  7.75B2J 

Figure  14.8  Case  1.  Contributions  to  the  mode  shifts  of  local-area  modes  I,  H  &  G  for 

increments  of  1  pu  on  all  PSSs  and  4  pu  on  all  FDSs.  Nominal  gains:  as  for  Step  9. 

Note  scale. 

14.4  Simultaneous  Coordination  of  PSSs  and  FDSs  using  Linear  Pro¬ 
gramming 

14.4.1  Introduction 

In  Section  14.3  a  heuristic  approach  is  outlined  for  the  coordination  of  PSSs  and  FDSs. 
Nevertheless,  it  is  apparent  from  the  case  studies  in  Section  14.3  that  the  approach  requires 
a  series  of  calculations  to  determine  the  appropriate  stabilizer  gain  settings  to  enhance  the 
damping  of  the  selected  rotor  modes.  This  approach  may  be  tedious  for  larger  systems 
where  the  criterion  for  damping  is  to  be  satisfied  for  a  large  number  of  rotor  modes.  More¬ 
over,  in  the  heuristic  approach  it  is  not  clear  how  the  following  constraints  can  be  met: 

(i)  limiting  any  right-shift  in  exciter/controller  modes  that  may  occur  as  a  result  of  increas¬ 
ing  stabilizer  gains; 

(ii)  constraining  the  shift  in  the  frequency  of  rotor  modes  (i.e.  the  imaginary  part  of  their  ei¬ 
genvalues)  which  may  result  from  increases  in  stabilizer  gains. 
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Since  it  has  been  established  that  the  coordination  of  the  stabilizers  can  be  achieved  by  co¬ 
ordinating  their  gains,  then  an  appropriate  method  for  automating  the  gain  selection  proce¬ 
dure  subject  to  a  series  of  constraints  is  to  use  linear  programming.  Thus,  the  heuristic 
method  for  coordination  is  extended  in  the  following  by  the  use  of  linear  programming  (LP). 
Employing  this  approach  the  calculation  of  the  gain  settings  becomes  automated,  and  thus 
less  tedious.  Furthermore  the  gain  settings  given  by  the  solution  of  the  LP  problem  is  an 
optimal  set;  however,  it  is  not  guaranteed  that  it  is  a  unique  solution  [12],  Moreover,  a  useful 
feature  in  the  LP  solution  is  a  set  of  limitations  or  constraints  that  can  be  applied  to  the  solu¬ 
tion,  namely: 

•  (i)  a  minimal  level  of  damping  for  selected  rotor  modes; 

•  (ii)  a  right-shift  in  the  eigenvalues  associated  with  generator  exciters  or  other  control¬ 
lers,  due  to  increasing  stabilizer  gains; 

•  (iii)  changes  in  the  left-shift  of  selected  rotor  modes; 

•  (iv)  changes  in  the  frequency  of  selected  rotor  modes. 

Through  a  LP  solution  some  unexpected  insights  into  the  support  provided  by  certain  sta¬ 
bilizers  to  the  damping  of  nominated  modes  may  be  experienced. 

A  two-stage  coordination  algorithm  is  developed.  Stage  one  is  the  same  as  for  heuristic  co¬ 
ordination.  That  is,  for  the  transfer  functions  of  the  form  kjGj(s)  for  the  PSSs  and  FDSs, 

the  transfer  functions  G-(s)  are  designed  to  provide  appropriate  phase  compensation  as  ex¬ 
plained  in  Chapters  5,  10  and  11.  However,  in  stage  two  the  stabilizer  gains  kj  are  now  de¬ 
termined  by  solving  a  LP  problem.  The  objective  function  of  the  LP  problem  is  selected 
such  that  the  weighted  sum  of  the  stabilizer  gains  is  minimised,  subject  to  any  of  the  above 
set  of  constraints.  For  practical  reasons  this  function  is  chosen  because,  for  small  system  dis¬ 
turbances,  low  stabilizer  gains  reduce  not  only  the  effects  of  limiting  in  the  stabilizer  and  the 
AVR  and  excitation  systems,  but  also  reduce  swings  on  the  reactive  output  of  generators. 

14.4.2  Comment  on  the  LP  solution:  optimality  versus  uniqueness 

The  algorithm  used  to  solve  the  LP  problem  is  the  revised  two-phase  simplex  algorithm  [12], 
[13].  The  process  of  solving  a  LP  problem  can  be  summarised  as  follows.  The  search  begins 
at  an  extreme  point  of  the  solution  space  called  a  basic  feasible  solution.  The  procedure  then 
determines  if  a  shift  to  an  adjacent  point  in  the  solution  space  can  improve  the  objective 
function.  If  so,  the  algorithm  moves  the  solution  to  the  point  which  offers  the  greatest  im¬ 
provement.  This  procedure  continues  until  an  optimal  solution  is  found  or  it  is  determined 
that  the  problem  is  unbounded  or  infeasible.  Typically  it  is  difficult  to  determine  a  basic  fea¬ 
sible  solution  by  observation.  Therefore  to  start  the  procedure,  a  set  of  artificial  variables  are 
introduced  into  the  problem.  This  allows  us  to  manipulate  the  problem  such  that  zero  be¬ 
comes  a  basic  feasible  solution.  However,  if  another  basic  feasible  solution  were  found,  and 
the  LP  algorithm  started  at  that  point,  the  algorithm  may  converge  to  a  different  optimal 
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solution.  The  practical  implication  of  this  is  that  other  optimal  solutions  may  exist.  Moreo¬ 
ver,  it  is  possible  to  establish  whether  more  than  one  optimal  solution  exists.  Nevertheless, 
having  determined  an  optimal  solution  it  is  not  generally  possible  to  ascertain  what  the  other 
optimal  solutions  are. 

14.4.3  Coordination  of  PSSs  and  FDSs 

As  stated,  the  aim  of  both  the  PSS  and  FDS  design  methods  is  to  achieve  a  left-shift  in  the 
modes  of  rotor  oscillation  by  inducing  pure  damping  torques  on  the  shafts  of  generators. 
The  aim  of  the  coordination  procedure  is  to  determine  the  minimum  required  stabilizer 
gains  to  achieve  desired  damping  criteria  for  selected  rotor  modes  and  to  prevent  undesira¬ 
ble  right  shifts  in  other  modes. 

Because  the  stabilizer  transfer  functions  cannot  provide  ideal  compensation,  and  due  to  the 
effect  of  PSS  interactions,  the  shift  in  rotor  modes  will  not  be  a  pure  left-shift.  Consequently 
there  will  be  changes  in  the  frequency  of  oscillation  of  the  rotor  modes.  Any  excessive  such 
changes  will  be  constrained  by  the  LP  problem  in  order  to  limit  undesirable  changes  in  syn¬ 
chronising  torques. 


Assume  that  the  transfer  functions,  Gj(s) ,  have  been  tuned  for  the  relevant  set  of  the  n  gen¬ 
erators  and  z  FACTS  devices  using  the  methods  described  in  Chapters  1 0  and  1 1 .  Let  each 
stabilizer  be  a  fixed-parameter  device  of  the  form  k-Gj(s) .  For  a  given  vector  of  small  gain 

increments,  A k  (n  +  z)  x  1 ,  the  shift  in  selected  modes  of  the  system  can  be  estimated  based 
on  (13.9),  or: 

AXI,  =  [4»A1  <1 •••  (t,/,(«+r)]AA’where  (14'2) 


oy 


n 

-I 

i=  1 


P  ih 
M; 


cj*u*h 


lih  7 


(14.3) 


Based  on  this  equation  a  linear  programming  problem  is  formulated  for  the  simultaneous 
coordination  of  the  (n  +z)  stabilizer  gains. 

Let  the  set  of  m  modes  of  interest  be 

A,  =  [Lj,  A2,  ...,  A-m] , 

which  may  be  a  combination  of  rotor  modes  of  oscillation  and  exciter/ controller  modes. 
This  set  is  a  subset  of  the  N  system  eigenvalues  (the  system  being  represented  by  a  N  x  N 
state-matrix  for  which  there  are  N  eigenvalues).  Without  loss  of  generality  let  the  desired 
damping  criteria  be  achieved  by  left-shifting  the  m  modes  of  interest  by 

Act  =  [Act15  Act2,  ...,ActJ. 

Also,  let  the  changes  in  the  modal  frequencies  be  bounded  by 
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AQ  =  [AQp  AQ2>  ...,AQJ. 

Assuming  each  stabilizer  gain  is  weighted  by  a  coefficient  w  -  the  LP  problem  can  be  stated: 

n+z 


minimise  ^WjAkj,  subject  to: 

7=1 

®}A£  <  -Act  Np/s, 

(14.4) 

(14.5) 

AQ>3{0}A£>-AQ  rad/s. 

(14.6) 

AK  >  Ak>  AK  •  >0, 

max  mm  ’ 

(14.7) 

where  (®  =  [4*/^])  (mx  (n  +  z)).  This  problem  is  solved  by  using  the  two-phase  simplex  al¬ 
gorithm.  Note  that  the  LP  problem  becomes  infeasible  if: 

•  The  set  of  gain  limits  AKmax  are  too  small  for  the  required  left-shifts  Ac  Np/ s. 

•  The  allowable  modal  frequency  deviations  AQ  rad/ s  are  too  small.  This  may  imply 
that  the  tuning  of  some  stabilizers  may  be  poor  and  hence  result  in  excessive  fre¬ 
quency  shifts  in  the  modes  of  interest. 

Also  note  that  the  coefficients,  w- ,  in  (14.4)  can  be  chosen  to  weight  all  stabilizer  gain  in¬ 
crements  equally  (with  unity  values)  -  or  they  may  be  chosen  to  bias  the  solution  in  favour 
of  the  most  effective  stabilizers.  Furthermore,  it  is  important  to  note  that  the  accuracy  of 
the  estimated  shift  in  an  eigenvalue,  given  by  (14.2),  diminishes  as  the  gain  Ak-  becomes 

larger.  This  is  because  (14.2)  is  a  linear  approximation  to  the  non-linear  eigenvalue  trajectory. 
To  reduce  the  error  due  to  this  linear  approximation,  the  coordination  procedure  may  be 
carried  out  in  a  number  of  steps. 

Let  the  total  required  left  shift  in  the  modes  of  interest  be  (A ot()taj)  Np/ s.  Then  the  LP 
problem  can  be  split  into  ns  steps,  with  a  shift  of  ( Aot0fal )/ ns  required  per  step.  The  fol¬ 
lowing  algorithm  is  proposed  for  the  coordination  of  PSSs  and  FDSs  having  transfer  func¬ 
tions  of  the  form  kjGj(s) . 

Two-stage  Coordination  Algorithm  Using  a  LP  Solution 
Stage  1 :  Determining  stabiliser  transfer  functions,  Gj(s) 

Follow  the  tuning  procedures  that  have  been  described  in  Chapters  10  and  11  for  PSSs  and 
FDSs,  respectively. 


Stage  2:  Determining  stabilizer  gains,  kj : 
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1 .  Set  the  required  vectors  of  the  total  shift  in  the  real  parts  and  the  allowable  total  shift  in 
the  imaginary  parts  of  the  modes  of  interest  to  -A ot0tai  Np/ s  and  AQ/()lal  rad/ s,  respec¬ 
tively,  in  order  to  achieve  a  desired  damping  ratio  (say)  for  the  modes.  The  vector  -A ot0tal 
also  contains  the  constraints  on  right-shifts  in  exciter/controller  modes.  Set  A Kmax  and 

min  ■ 

2.  Set  the  number  of  steps  n  to  two  or  more;  the  gain  weighting  vector  w  to  unity  (say); 
the  step  counter  i  to  zero;  the  initial  stabilizer  gains  to  a  vector  of  nominal  values  (e.g.  5 
pu)  or  zero. 

3.  Calculate  O  based  on  (14.3). 

4.  Form  the  LP  problem  given  by  (14.4)-(14.7)  with 

-Aa  =  -Act total/ns,  AD.  =  A Qtotal/ns; 

^^max/ step  ^^max^ ns  an<^  min/step  ^^mii/ n s  ' 

Initialise  the  vector  of  gains  Ak  to  zero  and  solve  the  LP  problem. 

5.  If  the  LP  problem  is  infeasible  then: 

(a)  choose  a  larger  value  of  ^Kmax/step ,  and/or 

(b)  allow  a  slightly  greater  value  of  A for  the  mode  Xh  which  is  most  tightly  constrained. 
(If  the  increase  in  modal  frequency  AQ/;  is  too  large  then  certain  stabilizers  may  need  retun¬ 
ing,  i.e.  return  to  Stage  1). 

6.  Set  the  step  counter  i  =  i  +  1  and  increment  the  vector  of  gains  k  =  k  +  A k  . 

7.  If  is<ns  then  recalculate  system  eigenvalues /vectors  with  the  new  gain  settings  and  go 
to  3. 


There  is  an  opportunity  to  view  the  intermediate  results  after  line  7,  following  the  eigen- anal¬ 


ysis.  According  to  (14.2)  the  contribution  to  the  shift  in  the  hth  mode  by  the  jth  stabilizer  (a 
PSS  or  FDS)  is 


W 


(14.8) 


This  result  is  based  on  (14.2).  At  the  end  of  each  of  the  ns  steps  of  the  coordination  algo¬ 
rithm  (i.e.  following  item  7  above),  the  user  may  assess  the  effectiveness  of  the  contributions 
of  each  stabilizer  and  each  generator  to  the  damping  of  a  selected  mode.  This  and  other 
physical  insights  provided  by  this  technique  will  be  demonstrated  in  the  case  study  in  the 
next  section. 
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14.5  Case  study:  Simultaneous  coordination  in  a  multi-machine 
power  system  of  PSSs  and  FDSs  using  linear  programming 

The  purpose  of  this  study  is  to  demonstrate: 

1.  the  method  of  simultaneous  coordination  of  selected  PSSs  and  FDSs; 

2.  the  insights  -  some  unexpected  -  revealed  by  the  action  of  the  step-by-step  LP  pro¬ 
cedure  of  determining  the  stabilizer  gains; 

3.  the  contributions  of  selected  stabilizers  to  the  damping  of  the  rotor  modes  (and  the 
inter-area  modes,  in  particular); 

4.  the  benefits  and  disadvantages  of  the  automatic  process  of  determining  stabilizer 
gain  settings. 

The  system  under  study  in  this  section  is  the  fourteen  generator  system  employed  in 
Section  14.2  in  which  three  SVCs  and  their  FDSs  are  in  service,  namely  SVC_2  at  bus  212, 
BSVC_4  at  bus  412,  and  PSVC_5  at  bus  507. 

A  study  is  conducted  on  Case  1  in  which  a  number  of  scenarios  are  examined  as  the  con¬ 
straints  on  modal  damping  ratios,  modal  damping  constants,  and  stabilizer  gains  are  varied. 
The  nominal  gains  of  the  PSSs  and  the  FDSs  are  all  set  to  5  pu  on  device  base.  Reducing  the 
gains  from  the  higher  values  employed  in  Section  14.3.1 1  for  heuristic  coordination  allows 
for  more  flexibility  in  the  optimization  of  the  gain  settings.  The  rotor  modes  are  listed  in 
Table  14.4  for  Case  1  with  the  stabilizers  out  of  service  and  then  in  service  with  their  gains 
set  to  the  nominal  values. 

In  order  to  understand  the  action  of  the  LP  algorithm  in  adjusting  the  stabilizer  gains  let  us 
firstly  consider  the  SDCD  for  Case  1  with  the  nominal  gain  settings.  Because  the  emphasis 
in  the  following  analysis  concerns  the  inter-area  modes  K,  L,  and  M,  the  SDCD  for  these 
modes  is  shown  in  Figure  14.9  to  ascertain  the  effects  on  the  modes  of  a  1  pu  increment  on 
all  stabilizers. 


1.  See  step  lb,  Table  14.2;  nominal  PSS  gains  10  pu,  FDS  gains  20  pu. 
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Table  14.4  Rotor  modes  and  modes  shifts  for  heavy  load  condition,  Case  1  1 
Nominal  gains  of  all  stabilizers  5  pu  on  device  base. 


Case  1 .  Heavy  load 

No. 

* 

All  PSSs  &  FDSs  in  service. 

Stabilizers  off 

Nominal  stabilizer  gains  on 
device  bases:  all  5.0  pu 

Mode  Shift 

Real 

Imag 

5 

Real 

Imag 

5 

Real 

Imag 

A 

-0.16 

10.45 

0.01 

-0.67 

10.49 

0.06 

-0.51 

0.04 

B 

0.11 

9.58 

-0.01 

-0.39 

9.65 

0.04 

-0.50 

0.07 

C 

0.03 

8.93 

-0.00 

-0.43 

9.03 

0.05 

-0.46 

0.10 

D 

-0.56 

8.63 

0.06 

-1.00 

8.74 

0.11 

-0.45 

0.09 

E 

-0.26 

8.37 

0.03 

-0.69 

8.37 

0.08 

-0.43 

0.00 

F 

-0.68 

8.00 

0.08 

-0.85 

8.25 

0.10 

-0.17 

0.25 

G 

-0.40 

8.05 

0.05 

-0.85 

7.87 

0.11 

-0.45 

-0.18 

H 

0.02 

7.81 

-0.00 

-0.53 

7.86 

0.07 

-0.54 

0.05 

I 

-0.19 

7.72 

0.02 

-0.65 

7.82 

0.08 

-0.46 

0.10 

J 

-0.62 

7.42 

0.08 

-0.92 

7.49 

0.12 

-0.31 

0.07 

K 

0.08 

4.02 

-0.02 

-0.22 

3.99 

0.06 

-0.31 

-0.03 

L 

0.06 

2.61 

-0.02 

-0.12 

2.60 

0.05 

-0.19 

-0.01 

M 

0.01 

2.03 

-0.00 

-0.20 

1.99 

0.10 

-0.21 

-0.03 

*  Mode  Number.  E,  is  the  damping  ratio. 


For  insight,  based  on  Figure  14.9,  consider  the  stabilizers  which  dominate  -  in  descending 
order  left  to  right  -  the  contributions  to  the  damping  (i.e.  left-shifts)  for  each  of  the  inter¬ 
area  modes. 


Mode 

Stabilizer 

K 

LPS_3 

YPS_3 

EPS_2 

MPS_2 

L 

PSVC_5 

SVC_2 

MPS_2 

GPS_4 

HPS_1 

M 

BSVC_4 

GPS_4 

PSVC_5 

SPS_4 

TPS_4 

1.  The  values  of  the  modes  in  the  table  differ  slightly  from  those  in  Table  10.14  due  to:  (i) 
the  addition  of  a  SVC  on  bus  212,  and  (ii)  the  FDSs  on  all  three  SVCs  being  in  service  at 
their  nominal  gains  of  5  pu. 
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Mode  K  Mode  L  Mode  M 


Inaginary  part  of  inode  shift  (rad/s)  x10(-3) 


Contribution  of  the  stabilizers  to  the  shift  in  the  followinc  modes  due  to  increments 

in  the  stabilizer  gains: 

—  MODE  (  119)  -0.223  +  3.9B7GJ  Total  Shift  -0.027  -  0.0024J  ShiftedMode  -0.249  +  3.9B52J 

—  MODE  (  131)  -0.123  +  2.E019J  TotalShift  -0.037  -  0.004EJ  ShiftedMode  -0.1G0  +  2.5973J 

—  MODE  (  13G)  -0.199  +  1.9916J  TotalShift  -0.03G  -  0.0053J  ShiftedMode  -0.235  +  1 .98G3J 


Figure  14.9  Case  1.  Contributions  to  modes  shifts  of  inter- area  modes  K,  L  &  M  by  each 
stabilizer  for  a  gain  increment  of  1  pu.  Nominal  gain  settings  for  all  stabilizers  is  5  pu  on 
device  base.  (Note:  contribution  of  LPS_3  is  off-scale;  the  value  is 

5  x(8.57±/1.9)x  10“3  =  -  0.043  ± J0.01.) 


Notice  there  are  several  stabilizers  that  can  affect  the  contributions  to  the  damping  of  more 
than  one  mode.  For  example,  if  the  gain  on  PSVC_5  needs  to  be  increased  by  the  LP  algo¬ 
rithm  to  satisfy  a  requirement  on  mode  L,  it  also  produces  a  contribution  to  damping  on 
mode  M.  Similar  implications  apply  to  MPS_2  and  GPS_4;  such  observations  may  help  to 
explain  what  may  be  unexpected  results. 

To  examine  the  action  and  performance  of  the  LP  algorithm  five  scenarios  are  considered 
in  which  all  stabilizer  weightings  w  ■  =  1  and  the  following  constraints  or  limits  are  varied: 

1 .  the  maximum  gain  on  selected  stabilizers, 

2.  the  type  of  mode  (local-  or  inter-area), 

3.  the  real  part  of  the  mode-shift  is  limited  by 

•  the  modal  damping  constant  -a  which  must  be  less  than  or  equal  to  a  speci¬ 
fied  value; 
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•  the  damping  ratio  S,  of  the  rotor  mode  which  must  be  greater  than  or  equal  to 
a  nominated  limit; 

•  the  change  in  the  damping  constant  —a  which  must  be  less  than  or  equal  to  a 
specified  value. 

In  the  following  five  scenarios  shown  in  Table  14.5  for  Case  1  the  first  three  implement  a 
real  left-shift  on  the  inter-area  modes  K,  L  and  M  with  the  constraint  that  their  damping  ra¬ 
tios  are  E,  >  0.2  .  The  maximum  stabilizer  gains  are  reduced  over  Scenarios  1  to  3  to  investi¬ 
gate  the  reallocation  of  stabilizer  gains  between  stabilizers.  In  Scenario  4  the  limits  on  modes 
K,  L  and  M  require  that  the  real  parts  of  the  modes  are  o  <  -0.4  with  maximum  stabilizer 
gains  of  20  pu  on  device  base.  Finally,  in  Scenario  5  the  stabilizer  gains  must  satisfy  (i)  a  limit 
a  <  -0.4  on  the  real  parts  of  modes  K,  L  and  M,  (ii)  the  constraint  E,  >  0.1  for  the  more 
lightly  damped  local-area  modes  A,  B,  C,  1  and  H. 

The  optimum  stabilizer  gains  (in  pu  on  device  base)  derived  from  the  LP  analysis  and  the 
associated  constraints  for  the  five  scenarios  are  summarized  in  Table  14.5 

14.5.1  Scenario  1:  Inter-area  modes.  Maximum  PSS  &  FDS  gain  40  pu. 

In  this  scenario  the  damping  ratios  of  the  inter- area  modes  are  to  be  equal  to  or  greater  than 
0.2.  From  col.  2  of  the  table  it  is  noted  that  the  FDSs  on  two  of  the  three  SVCs  are  at  their 
limiting  gains,  and  that  the  gains  of  only  three  of  the  fourteen  PSSs  are  increased  from  their 
nominal  values.  The  condition  E,  >  0.2  requires  a  significant  left-shift  on  the  higher  frequen¬ 
cy  inter-area  modes  as  revealed  in  the  eigen- trajectories  in  Figure  14.10.  Some  local-area 
modes  are  only  marginally  left-shifted  by  the  increases  in  stabilizer  gains,  some  significantly. 

It  is  evident  from  the  SDCD  of  Figure  14.9  that,  of  the  three  modes,  for  1  pu  gain  increment 
on  any  one  stabilizer  the  contributions  to  the  shifts  in  modes  K  and  M  are  generally  greater 
than  or  comparable  to  those  for  mode  L.  Because  stabilizers  PSVC_5,  SVC_2,  MPS_2  and 
GPS_4  contribute  most  to  mode  L,  their  gains  are  increased  and,  as  a  result,  their  contribu¬ 
tions  to  modes  K  and  M  are  also  raised.  As  a  consequence  a  lower  contribution  to  mode  K 
by  LPS_3  (the  largest  potential  contributor  to  the  mode)  is  required. 
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Table  14.5  Case  1.  Optimum  stabilizer  gains  determined  by  LP  for  five  scenarios. 


PSS  or  FDS  gain 

Scenario  1 

Scenario  2 

Scenario  3 

Scenario  4 

Scenario  5 

Modes  —  > 

Inter-area  K,  L,  M 

KLM  &  local  area 

A  B  C  H  I 

Kmax  PSSs  (pu)  -> 

40 

40 

20 

20 

20 

Kmax  FDSs  (pu)-> 

40  (All) 

20  (FDS) 

20  (All) 

20(A11) 

20(A11) 

Mode  constraints  — 

> 

Damping  ratio,  KLM:  E,  >  0.2 

KLM: 

a  <  -0.4 

KLM:  CT  <  -0.4 

ABC1H:  E,  >  0.1 

Generator  /  SVC 

1 

Gain 

(pu  on  device  base) 

Gain  (pu  on  device 
base) 

col.  1 

col.  2 

col.  3 

col.  4 

col.  5 

col.  6 

HPS_1 

5 

14.0 

20 

11.7 

5 

BPS_2 

5 

5 

5 

5 

7.7 

EPS_2 

5 

5 

16.9 

5 

15.0 

VPS_2 

5 

5 

5 

5 

6.1 

MPS_2 

18.8 

40 

20 

20 

19.4 

SVC_2 

40 

5 

20 

20 

20 

LPS_3 

15.7 

15.7 

15.9 

7.4 

6.6 

YPS_3 

5 

5 

5 

5 

6.9 

TPS_4 

5 

5 

5 

5 

6.0 

CPS_4 

5 

5 

5 

5 

5 

SPS_4 

5 

5 

6.8 

5 

11.5 

GPS_4 

8.7 

40 

20 

20 

19.9 

BSVC_4 

5 

5 

20 

5.4 

6.1 

NPS_5 

5 

18.7 

17.1 

5 

5 

TPS_5 

5 

34.2 

20 

16.6 

9.4 

PPS_5 

5 

5 

12.5 

5 

5 

PSVC_5 

40 

20 

20 

20 

20 

Sum  of  device  gains 

183 

233 

234 

166 

174 

The  yellow  shading  indicates  that  the  stabilizer  gain  is  a  maximum. 


The  stabilizer  gains  are  listed  in  col.  2.  Gain  limits  of  40  pu  occur  only  on  the  FDSs  of 
PSVC_5  and  SVC_2  which  are  the  main  contributors  to  mode  L. 

In  Figure  14.10  the  estimated  and  actual  values  of  the  three  inter-area  modes  at  each  step  in 
LP  procedure  are  in  close  agreement.  The  associated  initial  and  final  values  of  the  ten  local- 
area  modes,  A  to  J,  are  also  recorded. 
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Figure  14.10  Case  1,  Scenario  1.  In  the  lower  box  the  eigen-trajectories  of  inter-area 
modes  K,  L  and  M  are  plotted  (E,  >  0.2).  The  six  steps  of  the  trajectory  are  shown;  at  each 
step  the  estimated  values  B  to  G  of  the  mode  are  shown  to  agree  closely  with  the  actual  val¬ 
ues  H  to  M.  In  the  upper  box  the  initial  and  final  eigenvalues  of  the  left-shifted  local-area 

modes  A  to  J  are  also  marked. 

14.5.2  Scenario  2:  Inter-area  modes.  Limits  PSS  gains  40  pu,  FDSs  20  pu 

For  comparison  with  Scenario  1  the  effect  of  the  reallocation  of  gains  to  other  stabilizers 
resulting  from  the  reduction  in  the  maximum  gain  on  all  FDSs  from  40  to  20  pu  is  of  inter¬ 
est.  (See  col.  3  of  Table  14.5.)  The  gain  limit  of  40  pu  now  occurs  only  on  the  PSSs  of  MPS_2 
and  GPS_4,  and  limit  of  20  pu  on  the  FDS  of  PSVC_5.  It  is  insightful  to  examine  the  char¬ 
acteristics  of  the  main  contributions  by  the  stabilizers  to  the  real  shifts  in  modes  K,  L  and 
M  at  steps  one  to  six  of  the  LP  calculation.  Such  contributions  are  shown  in  Table  14.6  in 
which  it  is  noted: 


(i)  the  relative  real  shifts  contributed  by  a  stabilizer  to  the  inter-area  modes  correspond 
closely  to  those  shown  in  the  SDCD  in  Figure  14.9  (e.g.  for  MPS_2  in  the  SDCD  the 
ratio  of  the  contributions  to  L  and  K  are  about  2:1;  this  is  reflected  in  the  table); 


(ii)  the  resulting  stabilizer  gain  is 


k  = 


1+  Zfj\Kom’ 

j  =  I 


where  f  .  is  the  incremental  gain  factor  and  knom  is  the  nominal  gain  setting  of  the  sta¬ 
bilizer.  The  resulting  gains  are  listed  in  col.  3  of  Table  14.5. 
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•  (iii)  Also,  from  Table  14.6,  the  associated  contribution  to  the  real  shift  in  inter-area 
mode  h  by  stabilizer  j  is  given  by 

A o' total  =  Y.  Aahj- 
j=  1 

•  (iv)  Stabilizers  MPS_2,  PSVC_5,  GPS_4  and  TPS_5  play  a  major  role  in  contributing 
to  the  real  left-shift  in  the  mode  L.  In  so  doing,  GPS_4  and  PSVC_5  are  also  major 
contributors  to  real  shift  in  mode  M.  Similar  observations  also  apply  to  LPS_3  and 
MPS_2  for  mode  K. 

14.5.3  Scenario  3:  Inter-area  modes.  Limits:  all  stabilizer  gains  20  pu 

As  to  be  expected  in  comparison  with  Scenario  2,  additional  stabilizers  -  namely  the  FDSs 
on  the  three  SVCs  and  PSSs  on  four  generators  -  operate  at  the  maximum  gain  of  20  pu. 
The  gain  of  the  PSS  of  LPS_3  is  more  or  less  constant  (15.7  -  15.9  pu)  over  scenarios  1  to  3 
for  reasons  discussed  in  Section  14.5.1. 

14.5.4  Scenario  4:  Inter-area  modes.  Limits  ct  <  -0.4  ;  all  stabilizer  gains  20  pu 

The  limit  on  the  inter-area  modes  is  much  less  onerous  on  modal  damping  than  in  Scenarios 
1  to  3  for  which  the  limit  is  E,  >  0.2  .  Note  that  in  latter  studies  the  real  part  of  the  eigenvalue 
for  mode  K  is  -0.8  at  the  limit.  Consequently  in  this  scenario  the  PSS  gain  of  LPS_3  is  ap¬ 
proximately  halved,  but  the  FDS  gains  of  SVC_2,  PSVC_5  and  PSSs  on  MPS_2  &  GPS_4 
are  at  the  limit  of  20  pu. 

14.5.5  Scenario  5:  Inter-area  modes;  local-area  modes  A,  B,  C,  H,  I 

The  limits  for  this  scenario  are:  inter-area  modes  a  <  -0.4  ;  the  selected  local-area  modes 
£,  >  0.1 ;  limit  on  all  stabilizer  gains  20  pu. 

The  object  of  this  scenario  is  to  assess,  in  comparison  with  Scenario  4,  the  influence  of  the 
constraint  on  the  selected  local  inodes  on  the  distribution  of  the  gains  between  stabilizers. 
The  local-area  modes  are  selected  on  the  basis  that  they  are  the  more  lightly  damped.  The 
eigen- trajectories  for  both  inter-  and  local-area  modes  are  plotted  in  Figure  14.11. 

An  expanded  and  more  detailed  plot  of  the  eigen-trajectories  of  the  local- area  modes  are  dis¬ 
played  in  Figure  14.12.  Note  that  in  both  this  and  previous  figure  the  shifts  in  the  trajectories 

1 

are  more-or-less  directly  to  the  left  .  For  practical  purposes  in  the  LP  procedure,  the  extent 
of  left-shift  associated  with  increases  in  stabilizer  gain  remains  decoupled  from  the  stabilizer 
phase  compensation  over  the  range  of  frequencies  of  the  rotor  modes. 


1.  By  ‘directly  to  the  left’  is  implied  that  the  mode  shift  is  —  a±y'0,  a  >  0 . 


Table  14.6  Case  1,  Scenario  2.  Contributions  by  stabilizer  to  the  real  shifts  on  Modes  K,  L  and  M  Real  left-shifts  greater  than  10 

units  (0.01  Np/ s)  are  high-lighted. 


Step 

HPS_1 

MPS_2 

LPS_3 

GPS_4 

/ 

Agk 

Agl 

/ 

Agk 

Agl 

/ 

Agk 

Agl 

ActM 

/ 

Agk 

Agl 

ActM 

1 

1.093 

+4.0 

-14.0 

-2.1 

1.167 

-10.6 

-19.7 

+0.6 

0.393 

-84.2 

0 

-13.1 

1.167 

-1.1 

-16.7 

-32.6 

2 

0.219 

+0.8 

-2.5 

-0.5 

1.167 

-10.7 

-18.4 

+0.5 

0.359 

-75.7 

0 

-12.0 

1.167 

-1.0 

-15.1 

-34.2 

3 

0.405 

+1.6 

-4.5 

-2.1 

1.167 

-10.6 

-17.9 

+0.5 

0.364 

-76.7 

0 

-12.2 

1.167 

-1.1 

-14.4 

-35.1 

4 

0 

0 

0 

0 

1.167 

-10.5 

-17.2 

+0.6 

0.347 

-73.2 

0 

-11.8 

1.167 

-1.1 

-13.6 

-36.3 

5 

0 

0 

0 

0 

1.167 

-10.3 

-16.8 

+0.8 

0.343 

-72.8 

0 

-11.8 

1.167 

-1.2 

-13.2 

-37.0 

6 

0.088 

+0.4 

-0.9 

-0.1 

1.167 

-9.9 

-16.5 

+1.0 

0.339 

-72.7 

0 

-11.9 

1.167 

-1.2 

-12.8 

-38.1 

f  -  Stabilizer  incremental  gain  factor.  a  -  Modal  real  shift  (units),  1  unit  =  10  3  Np/s. 


Step 

NPS_5 

TPS_5 

PSVC_5 

SVC_2  &  BSVC_4 

/ 

Agk 

Agl 

Actm 

/ 

Agk 

Agl 

ActM 

/ 

Agk 

Agl 

Actm 

/ 

Agk 

Agl 

Actm 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0.5 

-3.0 

-14.9 

-13.2 

0 

0 

0 

0 

2 

0 

0 

0 

0 

1.167 

-5.3 

-14.5 

-10.0 

0.5 

-3.0 

-15.2 

-12.3 

0 

0 

0 

0 

3 

0 

0 

0 

0 

1.167 

-5.2 

-14.5 

-9.4 

0.5 

-2.9 

-14.7 

-11.7 

0 

0 

0 

0 

4 

0.659 

-2.1 

-6.8 

-3.4 

1.167 

-5.2 

-14.5 

-8.8 

0.5 

-2.9 

-14.3 

-11.7 

0 

0 

0 

0 

5 

0.918 

-3.0 

-9.3 

-4.5 

1.167 

-5.1 

-14.0 

-8.5 

0.5 

-2.8 

-13.5 

-10.5 

0 

0 

0 

0 

6 

1.167 

-3.9 

-11.7 

-5.5 

1.167 

-5.1 

-13.3 

-8.2 

0.5 

-2.7 

-12.7 

-10.0 

0 

0 

0 

0 

/- Stabilizer  incremental  gain  factor.  am  -  Modal  real  shift  (units),  1  unit  =  10  3  Np/s. 
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Clearly,  in  comparison  to  Scenario  4  and  in  satisfying  the  additional  constraints  imposed  by 
the  local-area  modes,  the  gains  of  the  stabilizers  change  somewhat  (see  Table  14.5,  col.  6). 
The  degradation  in  the  figure  of  merit  -  i.e.  the  sum  of  the  gains  -  increases  slightly  from  166 
for  Scenario  4  to  1 74. 

12 

in 
\ 

T3 

l  10 

QJ 
3 

O  0 
> 
c 

QJ 

cn 

;  G 

4- 
O 

-M 
L. 

o  4 
a. 

x 

c 

c  2 

cn 
D 

E 

i— i 

0 

-1.8  -1 .4  -1.2  -1  -.8  -.8  -.4  -.2  0 

Real  part  of  eigenvalue  (Neper/s) 

Figure  14.11  Case  1,  Scenario  5.  The  eigen- trajectories  are  plotted  of  inter-area  modes  K, 
L  and  M  as  well  as  local-area  modes  A,  B,  C,  H  and  I.  The  six  steps  of  the  trajectories  are 
marked;  at  each  step  the  estimated  values  B  to  G  of  the  mode  and  the  actual  values  H  to  M 
agree  closely  as  shown.  The  initial  (A)  and  resulting  final  (N)  eigenvalues  of  the  remaining 

local-area  modes  are  also  indicated. 

14.6  Concluding  remarks 

The  approaches  for  tuning  PSSs  in  Chapters  5  and  1 0  and  FDSs  in  Chapter  1 1  provide  the 
means  of  the  coordination  of  stabilizers  by  the  coordination  of  their  gains  using  either  the 
SDCD-  or  LP-based  procedures.  The  preliminary  tuning  of  stabilizers  constitutes  Stage  1  in 
their  coordination.  The  purpose  of  Stage  2  in  the  either  of  the  two  procedures  of  coordina¬ 
tion  is  to  satisfy  certain  criteria  on  modal  damping  and  on  stabilizer  gain  values. 

Heuristic  coordination 

In  the  heuristic  based  approach  the  SDCDs  provide  information  on  the  extent  of  the  left- 
shift  available  on  a  selected  rotor  mode  for  gain  increments  on  a  range  of  stabilizers,  PSSs 
and  FDSs.  Such  information  permits  the  user  to  estimate  the  gain  increments  required  to 
produce  an  adequate  left-shift  in  the  mode  that  satisfies  the  modal  damping  criteria  within 
a  nominated  range  of  gains. 
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Real  part  of  eigenvalue  (Neper/s) 

Figure  14.12  Case  1,  Scenario  5.  Trajectories  of  local  mode  A-J.  The  six  steps  are  shown 
for  the  constrained  modes  A,  B,  C,  1  and  H;  at  each  step  the  estimated  values  B  to  G  and 
the  actual  mode  values  H  to  M  are  plotted.  For  the  modes  D,  E,  F,  G  and  J  the  initial  values 

A  and  the  final  values  N  are  displayed. 

Having  established  a  set  of  stabilizer  gains  required  for  a  selected  operating  condition,  this 
set  can  be  tested  on  other  operating  conditions  to  ascertain  if  the  criteria  on  the  modes  are 
satisfied  or  not.  If  not,  the  SDCDs  for  the  new  operating  condition  are  invoked  to  establish 
the  changes  in  the  stabilizer  gains  required  to  satisfy  the  relevant  criteria.  By  iterating 
through  the  range  of  encompassing  operating  conditions  a  set  of  stabilizer  gains  can  be 
found  which  satisfies  all  conditions;  this  is  illustrated  in  Section  14.3.  Clearly  the  process 
may  be  tedious  and  does  not  lead  to  a  unique  solution  as  it  depends  on  the  user’s  method¬ 
ology  and  experience. 

It  is  assumed  that  those  stabilizers  that  are  required  to  be  in  service  are  initially  set  to  certain 
minimal  gains.  In  the  scenarios  demonstrating  the  LP  procedure  the  nominal  stabilizer  gains 
are  all  set  to  5  pu  on  device  base.  This  allows  for  flexibility  in  the  procedure,  e.g.  it  may  reveal 
that  the  gains  of  some  stabilizers  remain  at  the  minimum  value  and  therefore  do  not  effec¬ 
tively  contribute  to  any  improvement  in  damping. 

A  utomated  coordination 

The  LP-based  approach  reveals  aspects  of  the  coordination  process  that  are  not  obvious  or 
accounted  for  in  the  SDCD-based  procedure.  It  reveals  that  certain  stabilizers  are  (unex¬ 
pectedly)  more  influential  in  satisfying  the  modal  criteria  than  those  stabilizers  which  may 
appear  to  be  the  more  obvious  candidates.  This  is  particularly  the  case  in  dealing  with  modes 
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that  are  initially  more  poorly  damped.  Such  information  may  fruitfully  be  incorporated  into 
the  SDCD-based  analysis. 

The  example  of  applying  the  LP-based  procedure  to  the  14-generator  system  suggests  alter¬ 
native  approaches  can  be  adopted  to  the  setting  of  stabilizer  gains  to  satisfy  the  rotor  modal 
criteria.  For  example,  if  is  intended  to  determine  a  set  of  gains  for  PSSs  and  FDSs  for  Area 
2  only,  the  settings  in  other  Areas  remaining  unchanged,  a  tailored  approach  may  be  re¬ 
quired. 

The  LP-based  procedure  offers  the  following  benefits. 

•  (i)  The  criteria  for  damping  of  some  rotor  modes  may  differ  from  those  for  others; 

this,  together  with  a  larger  number  of  local-  and  inter-area  modes,  complicate  the 
analysis  in  the  SDCD-based  approach. 

•  (ii)  Criteria  can  be  placed  on  exciter  or  controller  modes  to  limit  their  right-shift. 

•  (iii)  The  roles  and  merits  of  certain  stabilizers  are  high-lighted,  e.g.  MPS_2,  SVC_2; 

these  roles  may  not  be  readily  apparent  from  the  SDCD  of  Figure  14.9. 

•  (iv)  The  stabilizer  gains  are  no  higher  than  necessary. 

•  W  Stabilizers  that  are  the  more  critical  to  the  support  and  improvement  in  the 

damping  of  a  poorly-damped  rotor  mode  are  revealed. 

•  (vi)  The  number  of  trial-and-error  studies  required  for  coordination  are  reduced. 

•  (vii)  The  comparison  between  scenarios  of  the  sum  of  stabilizer  gains  (the  quantity 

minimized  in  the  objective  function)  is  an  indicator  of  the  ‘gain  loading’  on  the 
stabilizers;  the  larger  the  sum  the  more  likely  it  is  that  further  maximum  stabiliz¬ 
ers  gains  are  imposed. 

•  (viii)  Information  gleaned  from  LP-based  procedure,  such  as  in  (iii)  above,  together 

with  the  knowledge  of  the  practical  implications,  can  be  incorporated  into  the 
analysis  based  on  the  SDCD-based  approach.  The  two  approaches  can  comple¬ 
ment  each  other. 

The  scenarios  demonstrating  the  performance  of  the  LP-based  procedure  highlight  the  ef¬ 
fectiveness  of  the  bus-frequency  stabilized  FDSs.  In  the  studies  their  contributions  to  the 
damping  of  certain  inter-area  modes  is  more  extensive  and  effective  than  PSSs,  and  no  del¬ 
eterious  effects  are  observed  on  the  local-area  modes.  The  potential  degradation  in  damping 
on  rotor  modes  when  SVCs  or  the  FDSs  are  out  of  service  requires  investigation.  Likewise, 
a  study  would  be  required  into  the  effect  of  the  outage  of  generation  on  a  difficult-to-damp 
mode,  e.g.  the  loss  on  MPS_2  on  mode  L. 
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The  disadvantage  of  the  LP-based  procedure  is  that  it  provides  a  set  of  stabilizer  gains,  sub¬ 
ject  to  certain  constraints,  that  are  optimum  for  the  selected  operating  condition;  it  does  not 
have  the  facility  to  optimise  the  gains  over  a  range  of  operating  conditions  (See  [4],  [6]). 
However,  at  other  encompassing  operating  conditions  for  which  the  stabilizers  are  tuned, 
the  rotor  modes  are  likely  to  be  left-shifted  with  increases  in  stabilizer  gains  as  long  as  the 
gains  are  in  the  acceptable  range  of  values. 

Using  the  automated  approach,  a  case  study  such  as  that  in  Section  14.5  can  used  to  examine 
stabilizer  coordination  in  a  selected  area  of  a  larger  power  system,  e.g.  Area  2  in  Figure  10.1. 
This  would  provide  some  guidance  on  how  better  to  improve  damping  on  the  system  and 
where  additional  PSSs  and/ or  FDSs  may  be  located  to  achieve  better  damping. 

The  SDCD-  and  the  LP-based  approaches  are  together  a  useful  set  of  tools  because  they 
provide  information  and  insight  into  the  power  system’s  dynamic  characteristics.  Such  in¬ 
formation  and  the  guidance  allows  the  user  to  make  judicious,  practical  decisions  on  the  pa¬ 
rameter  settings  of  stabilizers.  Of  note,  the  automated  approach  to  stabilizer  coordination 
has  been  extended  to  cover  the  set  of  encompassing  operating  scenarios  in  [6]  and  [16]. 

Studies  on  the  coordination  of  the  controllers  for  other  FACTS  installations  such  as  multi¬ 
ple  HVDC  links  are  reported  in  the  literature,  e.g.  [14],  [15]. 
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